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STATISTICAL STUDY OF MULTI-FREQUENCY EMISSION IN
BLAZARS
KAREN E. WILLIAMSON
ABSTRACT
Blazars are active galactic nuclei characterized by ultra-luminous broad-band, non-
thermal radio to gamma-ray continuum radiation, and by irregular, rapid flux vari-
ability across wavebands. They are divided into two subclasses: BL Lac objects and
flat spectrum radio quasars (FSRQs). A primary method employed to probe our un-
derstanding of these objects is to study their spectral energy distributions (SEDs).
Until recently, however, studies of blazar SEDs have been hindered by an insufficient
number of simultaneous observations across the spectrum, a critical deficiency with
such variable objects.
In this thesis, I discuss the data accumulated by an international, long-term,
35-blazar monitoring program led by the Boston University blazar group. By sys-
tematically processing these data, I produce SEDs using measurements obtained on
average within nine hours per epoch. Sufficient measurements exist within the data
set to study the sources in differing states of activity. I propose a definition of quies-
cent and active states, and extract measurements for epochs during which the sources
were either quiescent or active in the gamma-ray regime. For these epochs, I measure
the spectral slopes and statistically analyze the relationships between slopes at the
different frequency regimes. While the subclasses exhibit some distinct character-
istics in the optical and gamma-ray indices when quiescent, these distinctions are
significantly less pronounced when the objects are active. The spectral indices for
the FSRQs steepen when active in the optical, flatten in the gamma-ray, and remain
v
flat and stable in the X-ray. Generally, BL Lacs exhibit less pronounced changes
between states than do the FSRQs.
vi
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1Chapter 1
Introduction
Blazars are the brightest population of extragalactic objects visible in the
microwave (Giommi & Colafrancesco, 2004) and gamma-ray bands (Abdo et al.,
2009), up to TeV energies (Pfrommer et al., 2012). In the Roma-BZCAT catalog,
Massaro et al. (2009) list 2,828 blazars, but these numbers continue to increase with
detections from current observatories such as Fermi, Swift, Planck, and the Sloan
Digital Sky Survey. Astronomers have studied blazars for over half a century, and
though much progress in understanding these objects has been made, the answers
to many questions remain unclear. In spite of a blazar’s bright emission across the
electromagnetic spectrum – or perhaps more accurately, because of the nature of its
bright and variable emission across the electromagnetic spectrum – a blazar is among
the most difficult types of objects to study. Classification schemes have been pro-
posed as sub-groups of blazars have been identified, and some of these schemes have
been discarded or modified as improved instrumentation has led to improved defi-
nitions of properties. Unification schemes have been proposed, and some of these,
too, have been discarded or modified with improved instrumental sensitivity and
theoretical modeling made possible by high-speed computing.
One of the prominent features of blazars is their rapid and unpredictable vari-
ability. Even the characteristics of the variability are variable across frequency bands,
as sometimes a blazar will be active at all frequencies, and sometimes over only an
inconsistent subset of frequencies. In attempts to understand a blazar, astronomers
2probe its behavior in different energy bands, seeking relationships between the bands
as clues to the blazar’s physical processes.
Until recently, insufficient data existed to probe these behaviors with anything
close to simultaneous measurements across the spectrum, a critical deficiency with
such variable objects. A few monitoring programs have been started to improve this
situation, the most comprehensive being the Boston University Blazar Monitoring
program. With nearly five years of accumulated data, sufficient observations now
exist not only to statistically study the behavior of a significant number of blazars
with near-simultaneous observations across multiple frequency bands, but also to
probe their behavior while in quiet and active states.
This thesis begins the statistical analysis of this data set. The first step required
reducing and organizing the data into a structure that could be easily accessed. With
the foundation laid, the analysis could be performed. I chose to statistically study the
relationships between spectral indices at different frequency regimes, contrasting the
activity of the two subclasses of blazars, the flat spectrum radio quasars (FSRQs)
and the BL Lacertae objects (BL Lacs). By analyzing these relationships, differences
between emission models during both quiescent and flaring states were identified,
revealing striking trends that theoretical models should reproduce.
I say that this thesis begins the statistical study because there seems to be an
unending number of questions remaining. The most frustrating part of this study
was to keep it limited. Every plot generated more questions and a desire to probe
deeper or in a different direction. However, I have limited this thesis to addressing
the following questions:
1. Is there a difference between the frequency and length of active or quiescent
periods between blazar subclasses?
32. Do the spectral indices tend to flatten or steepen between the blazar subclasses
in quiescent and active states, and if so, is there a typical difference in the
magnitude of the change?
3. Are there preferred values for the spectral indices?
4. Is there a different distribution in the spectral index planes for either the blazar
subclasses or between quiescent and active states?
5. Are there correlations between spectral indices?
The analysis of this treasure trove of data has truly just begun.
1.1 Active Galactic Nuclei
Blazars are a special subclass of objects known as active galactic nuclei (AGNs).
To understand a blazar, we must first examine its parent population, how AGNs are
classified, and what makes a blazar unique among its siblings and cousins.
“Active galactic nucleus” refers to the center of a galaxy exhibiting energetic
emission beyond that explainable by the stars of the galaxy. The most common
class of AGNs are known as Seyfert galaxies1, named after Carl K. Seyfert, who
performed an early, systematic study of six “extragalactic nebulae” (Seyfert, 1943).
In the early 1960’s, another class of AGN – quasars – were discovered in radio surveys
(Schmidt, 1963). Schmidt & Green (1983) have defined quasars as those objects
with an optical luminosity brighter than MB = −23, establishing quasars as the
most luminous class of AGNs. The active nuclei of these galaxies outshine the rest
of their host galaxies, giving them a point-like appearance and earning them the
1Technically, “AGN” refers to the central region of the galaxy, but it is common practice to call
the galaxy itself an AGN.
4name “quasi-stellar” radio sources, shortened to “quasars.” The object’s spectral
features and spectral energy distribution (SED) are now used to more accurately
separate quasars from Seyfert galaxies and the other subclasses of AGN, although
there remains some overlap between classifications.
About 10% of quasars feature a high radio to optical flux ratio. These are called
“radio-loud” quasars. In the radio band, many of these quasars are seen to have
extended, linear features coined “jets” by Baade & Minkowski (1954). In their study
of extended radio sources from the Third Cambridge Catalogue of Radio Sources,
Fanaroff & Riley (1974) realized a sharp division between two luminosity classes and
separated the radio-loud sources into the two classes we now call FR I and FR II.
The FR I sources have weaker radio luminosities with strongest emission in their
central galactic nucleus (see example in Figure 1.1a), while FR II sources are more
radio-luminous and have their strongest emission arising from large, diffuse radio
lobes located at great distances from the host galaxy (see example in Figure 1.1b).
The lobes of the FR IIs have bright outer edges and their jets are more collimated
that those of the FR Is.
1.1.1 AGN Unification
As technology improved both the sensitivity of astronomical instruments and the
breadth of the spectral bands accessible, several classification schemes were proposed
to better understand the dichotomy of AGNs. With differing classification schemes
inconsistently based on criteria such as the presence or absence of broad emission
lines in optical spectra, morphology in specific spectral bands, variability, luminosity,
and spectral shape (Tadhunter, 2008), a profusion of names arose and many objects
were classified in multiple ways.
Out of this confusion, though, emerged a unification paradigm that remains con-
sistent with current observations. A model was posited by Urry & Padovani (1995)
5(a) (b)
Fig. 1.1: Examples of FR I and FR II AGNs. Panel (a) displays the radio galaxy
3C31, a powerful FR I. Its plumes extend ∼ 300 kpc from the center of the galaxy.
Panel (b) displays a 4.9 GHz image of Cygnus A (3C405), an FR II radio galaxy.
Its image is from Carilli et al. (1998) and the labeling is from the DRAGN project
(http://www.jb.man.ac.uk/atlas/#descr). The source extends ∼ 120 kpc.
Note the well-collimated, extended jets terminating in bright lobes.
defining all AGNs with a common set of characteristics and structure, and it explains
the varying empirical observations as primarily resulting from the observation angle
of the observer. This model is illustrated in Figure 1.2. At the center of an AGN
is a massive black hole, ranging from approximately 106 to 1010 M. Around the
black hole is an accretion disk, although whether it is thick or thin is still subject to
debate. A corona of hot electrons is thought to reside above and below the disk. Also
above and below the accretion disk are rapidly orbiting clouds. Because these clouds
emit broad emission lines, this area is known as the broad-line region (BLR). Nar-
rower emission lines are thought to be produced from clouds much farther removed
from the black hole in a region known as the narrow-line region (NLR). Surrounding
the accretion disk and BLR is a torus of clumpy, dusty material, the specifics of
6Fig. 1.2: Schematic of AGN unification model. In this model, the different classes of
observed AGNs (labeled in green) are explained by the viewing angle of the observer.
The major components of an AGN are labeled in white. Blazars have a viewing angle
aligned within 10◦ of the axis of the jet. Based on Urry & Padovani (1995). Retreived
from http://obspc23.phyast.dur.ac.uk/What_are_AGN.html.
which are an active field of investigation. What is generally agreed upon is that the
torus obscures the central region of many AGNs to an extent that depends upon
the observer’s line of sight, giving rise to the differences we observe between AGN
subclasses. Radio-loud AGNs display jets emanating from the central region.
1.1.2 Jet Structure
Our understanding of jet formation and physics is far from complete. Observa-
tions of radio emission from jets with very long-baseline interferometry (VLBI), to
obtain images with sub-milliarcsecond (sub-parsec) scale angular resolution, reveal
7a stationary, ultra-compact core with a more extended emission region to one side
that often contains multiple components and complex structures. It has been well
established that jets are highly collimated outflowing plasma structures, although
whether the jets are composed mainly of protons and electrons or positrons and elec-
trons is under debate. The jets are thought to originate from either the ergosphere
or the accretion disk around a black hole, most likely due to the poloidal component
of the disk’s magnetic fields being twisted into a helix by differential rotation of the
orbiting plasma (Meier et al., 2001). The mechanisms launching and accelerating
the jets are also unclear (Beckmann & Shrader, 2012), but current models favor the
launching to be caused by the toroidal component of the disk’s magnetic fields pinch-
ing the plasma and the acceleration to be caused by the strong, decreasing pressure
gradient along the jet’s axis (Meier et al., 2001). As the plasma passes through the
acceleration zone, it is accelerated to relativistic speeds.
1.2 Blazars
A small subset of AGNs exhibit highly variable, non-thermal emission and polar-
ization. When the first of these, BL Lacertae, was observed, it was originally thought
to be an irregular variable star within our galaxy (Hoffmeister, 1929). Subsequently,
observations in the 1960’s revealed BL Lacertae to be of extragalactic origin and,
most likely, a quasar (Bertaud et al., 1969). The observations of four similar objects,
OJ 287, W Com (1219+285), B2 1215+30, and PKS 1514-24, by Strittmatter et al.
(1972) launched BL Lac2 objects as a distinct class of AGN. All of these objects
displayed the same characteristics as BL Lacertae: rapid variability in radio through
optical regime; highest intensity in the infrared; lack of (or very weak) features in
2To avoid confusion in this thesis, I will use the term “BL Lacs” to refer to the subclass of blazars
and the proper name “BL Lacertae” to refer to the prototype object also known as VRO 42.22.01.
8its optical spectra; and strong and rapidly varying polarization at visible and radio
wavelengths. At a conference on BL Lac objects in 1978, Ed Spiegel combined “BL
Lac” and quasar, introducing the term “blazar” for this sub-group of AGN comprised
of BL Lacs plus some quasars with similar behavior (Angel & Stockman, 1980). The
AGN Unification model explains blazars as those objects with jets pointing nearly
directly at the observer, resulting in strong relativistic beaming (Urry & Padovani,
1995).
As a subclass of AGNs, blazars have a set of unique characteristics that set
them apart from other AGNs: a broad continuum extending from radio frequencies
to GeV — and sometimes TeV — gamma-ray energies dominated by irregular and
rapidly varying, non-thermal emission; an optically unresolved source of this emis-
sion; highly variable optical polarization; and a one-sided jet when imaged. For all
blazars, repeated radio observations appeared to imply a proper motion of structures
within jets traveling at superluminal speeds. Blandford et al. (1977) attributed this
phenomena to the orientation of a relativistic jet lying along or very close to the
observer’s line of sight. This apparent superluminal motion of features in the radio
jets has become one of the defining characteristics of blazars.
1.2.1 Blazar Subclasses
Two subclasses of blazars were identified in the 1970s. Those without strong
emission lines in their optical spectra were known as “BL Lac” objects. Those quasars
with broad emission lines were known with a variety of empirically derived names
such as optically violent variables (OVV), flat spectrum radio quasars (FSRQ), core-
dominated quasars (CDQ), and highly polarized quasars (HPQ). I will follow the
convention set by Urry & Padovani (1995) and refer to them collectively as FSRQs.
Urry & Padovani (1995) associated BL Lac objects with FR I galaxies and FSRQ
with FR II galaxies, in both cases with jets pointing close to our line of sight.
9Initially, a blazar was classified as a BL Lac object based on an arbitrary require-
ment that its equivalent width of emission lines in the optical spectrum be less than
5A˚, while those with an equivalent width greater than 5A˚ were classified as FSRQs.
As X-ray surveys found more blazars, an absent or small (5 40) CaII H&K “break”
parameter in the optical spectrum was added as a criterion to separate BL Lacs
from galaxies (e.g., Stocke et al., 1991; Plotkin et al., 2008). In the Roma-BZCAT
catalog, 57.1% of the objects are FSRQs and 33.9% BL Lacs, with 9.0% of uncertain
classification (Massaro et al., 2009).
The redshift distribution of these objects is muddied by the problem that BL
Lacs are generally missing the spectral lines needed to determine their redshift. For
some nearby BL Lacs, the host galaxy can be resolved suffiently to allow a determi-
nation of redshift, or an assumption can be made about the luminosity of the giant
elliptical host galaxy. Lower limits can be placed on a few more distant objects us-
ing intervening Lyman α absorption lines (e.g., Danforth et al., 2013). Determining
the redshift of distant FSRQs is also difficult, as the needed spectral lines can be
overwhelmed by the relativistically beamed emission of the jet. With these caveats,
to date it appears that FSRQs are more commonly found at higher redshifts than
BL Lacs, with their abundance peaking between z = 0.6 and 1.5 but identified out
to redshift z = 3.1 (Ackermann et al., 2011), while the abundance of BL Lacs peaks
around z = 0.3 (Massaro et al., 2009).
1.2.2 Multi-Wavelength Light Curves: Exhibits of Rapid Variability
Blazars are strong, but irregular and highly variable emitters across the electro-
magnetic spectrum. Light curves display the flux of an object over time at a given
waveband. Long-term monitoring of blazars reveals variability of emission best de-
scribed by a “red noise” power spectrum, where the uncorrelated fluctuations of the
power density increases with increasing time-scale (Chatterjee et al., 2012). Despite
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this statistical nature of the variations, the impression from visual inspection of light
curves is that blazars often display periods of quiescence interrupted by sometimes
sudden outbursts in one or more energy bands. These outbursts can vary dramati-
cally both temporally and in amplitude. As discussed in the beginning of this chapter,
because of this rapid and unpredictable variability, extensive monitoring campaigns
are essential.
For illustration, the light curves for blazar 1510−089 are displayed in Figure
1.3. Each of the eleven panels of this example displays observations over a fre-
quency band, with the highest frequency in the top panel (gamma-rays from the
Fermi Large Area Telescope (LAT)) through the near-infrared K-band displayed in
the lowest panel. Each point represents an observation; the color and shape of the
symbol denotes the observatory. The vertical dashed lines indicate specific epochs of
interest, each designated with an identifying number located in the lowest panel. (See
Section B.1 for the legend of observatories and for further explanations regarding the
horizontal lines).
Even a casual examination of these light curves is revealing:
• The flux is variable on a daily basis. In fact, many objects vary in a matter
of hours, below the resolution of these light curves (Tavecchio et al., 2010, and
references within).
• The amplitude of variability can range up to several orders of magnitude.
• The flux variations change across frequency bands.
◦ Between epochs (1) and (2), we observe the following:
∗ The gamma ray emission is high;
∗ The X-ray emission remains steady, but rises after epoch (2); and
∗ The UV-IR emission rises slightly after the gamma-ray emission.
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Fig. 1.3: The light curves of 1510−089 at various wavebands, as an example of the
time variations of blazars. Each panel is a light curve for a specific energy band, with
the highest energy in the top panel and the lowest in the bottom panel. The vertical
dashed lines indicate specific epochs of interest, each designated with an identifying
number located in the lowest panel. Refer to Section B.1 for further detail.
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◦ However, around epoch (5), we observe the following:
∗ The gamma ray emission is high for several days prior to epoch (5),
then drops quickly; and
∗ Only the longest wavelengths seem to react the same as gamma rays,
but afterward, the emission at long wavelengths strengthens while the
gamma-ray emission remains low.
• Gaps in coverage at any spectral band are missed opportunities for study. What
was the object doing prior to epoch (3)? How was it reacting at longer wave-
bands during the large gamma-ray flare between epochs (4) and (5)?
These basic aspects of the light curves illustrate both how difficult the study of
blazars can be and how important strategic, long-range, multi-wavelength monitoring
programs are to sampling the full behavior of these objects.
Critical to unraveling the mechanics of blazars is to study the relationship of the
timing, strength, and variability of flares emitted across wavebands such as those seen
in 1510−089. Most light curves suggest a correlation between outbursts of activity in
the gamma-ray and NIR−optical regimes, as occurs just prior to epoch 5 (especially
in the NIR). Sometimes a flare in either the gamma-ray or optical will lag a flare
in the other, as the optical is lagging the gamma-ray just prior to epoch 2. And
sometimes one band will flare without a noticeable change in the other.
The cause of the flares observed in light curves is not well understood (see, e.g.,
Sokolov et al., 2004). Jorstad et al. (2001) provided convincing evidence that they
are related to the passage of some disturbance in the jet — usually referred to as a
“knot” — through a stationary “core” observed in VBLA images. This core may be a
single, or perhaps a system of, standing conical shocks (Cawthorne, 2006). Marscher
(2010) posits that the knots are most likely shock waves caused by some influx of
excess energy from the central engine.
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From studies of apparent superluminal motion seen in radio images
(e.g., Jorstad & Marscher, 2003), it is clear that the knots in the jets of blazars
move at relativistic speeds. Blazar jets are pointed at an angle < 10◦ (Jorstad et al.,
2005) from our line of sight. If the material is traveling towards us with a bulk ve-
locity near the speed of light, we would expect to observe radiation that has both its
frequency increased and the time-scale of variability decreased from the rest frame
of the knot by a factor of δ, where
δ = [Γ(1− β cos θ)]−1. (1.1)
In this equation, Γ is the Lorentz factor ( Γ = (1− β2)−
1
2 , with β equal to the bulk
velocity of the material in terms of c) and θ is the difference between the velocity
vector and our line of sight. The observed flux density is enhanced by a factor
δ3−α, where α is the power-law slope of the flux density vs. frequency relationship.
Two factors of δ come from the “beaming effect” of relativistic aberration and one
factor from time compression. Because the angle to our line of sight will vary across
the opening of the jet, this Doppler factor, too, will vary, enhancing those sections
more closely aligned than those less aligned. Furthermore, the jet itself may shift
directions, again altering the Doppler factor (see e.g., Stirling et al., 2003).
1.2.3 Blazar SEDs: Exposing Emission Mechanisms
Because blazar emission spans the entire electromagnetic spectrum, a useful
way to investigate them is to study their spectral energy distributions (SEDs). The
SED exposes the emission mechanisms operating at different frequencies. Unlike the
light curve’s temporal perspective, an SED displays the emission by frequency for
a snapshot in time. For objects demonstrating intraday variability, it is obviously
14
Fig. 1.4: Emission components of an SED. The left panel displays the emission
as log(Lν) vs log(ν), while the right panel displays the same spectra as log(νLν)
vs log(ν). Emission from the jet is Doppler boosted and dominates the apparent
luminosity from the blazar. (Figure 5 in Marscher (2010) )
important that each of the measurements across the spectrum are taken as closely
to simultaneously as feasible.
Marscher (2010) provides an example of a typical blazar SED in his Figure 5,
reproduced here as Figure 1.4, and identifies the main physical components of the
emission. The left panel displays the SED in terms of log(Sν) vs. log(ν), while the
right panel is in terms of log(νLν) vs. log(ν). The latter is useful for displaying the
power emitted per decade.
A distinctive characteristic of a blazar SED, most apparent in log(νLν) — log(ν)
space, is its two-peaked shape, one reaching a maximum at infrared to ultraviolet
wavelengths and the other at X-ray to gamma wavelengths. At least two physi-
cal mechanisms must be involved to produce such a spectrum. The shape of the
spectrum, combined with polarization studies, provides considerable evidence that
the emission producing the longer wavelength component is primarily due to syn-
chrotron radiation, while the higher energy component is inverse Compton scattering
(Marscher, 1980; Marscher & Gear, 1985).
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Synchrotron radiation is the result of relativistic electrons spiraling around mag-
netic field lines. As the electrons accelerate around the field lines, they emit polar-
ized radiation. The observer sees a “lighthouse” effect, only receiving the radiation
emitted while the electron is traveling towards the observer. This radiation appears
collimated in the shape of a cone with opening angle φ ∼ γ−1, where the lower-case γ
is the Lorentz factor of the electron’s motion. The radiation is sharply peaked around
a critical frequency. This frequency is proportional to the square of the energy of the
particle, which itself is proportional to γ2. Thus, an ensemble of electrons will pro-
duce synchrotron radiation that is directly dependent on the energy distribution of
the electrons. The drop in radiation at the spectrum’s higher frequency end reflects
the maximum energy of the ensemble. The gradient in this spectrum is the spectral
index, α, and is related to the ensemble’s power-law index, p by α = 1−p
2
, where the
number of electrons between γ and γ + dγ ∝ γ−p.
The higher energy component of the blazar’s SED is generally thought to arise
from inverse Compton scattering. The photons from the synchrotron radiation or
from sources external to the jet can be upscattered to higher frequencies by the same
relativistic electrons causing the synchrotron radiation. If the seed photons for the
inverse Compton scattering are those produced by the synchrotron radiation, the
process is known as synchrotron self-Compton (SSC) scattering. If the seed photons
come from sources external to the jet, such as the accretion disk, BLR, or torus, the
process is known as external Compton (EC) scattering. In either case, the photon
gains energy by a factor ∼ γ2 at the electron’s expense. Given Lorentz factors in
the 100−105 range, this can boost a far-infrared photon to X-ray energies, and an
optical photon to gamma-ray energies.
Another characteristic of blazar SEDs is the varying peak of the two compo-
nents in both frequency and magnitude. By 1995, sufficient numbers of BL Lacs had
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Fig. 1.5: The SED classification of blazars. Blazars can be further classified based on
the frequency at which the synchrotron component peaks. (Figure 30 in Abdo et al.
(2010d).)
been observed, primarily through radio and X-ray surveys, that Padovani & Giommi
(1995a) recognized two classes of BL Lac objects: those with a synchrotron luminosity
peak, νsynchpeak , in the UV/X-ray bands, the high-frequency BL Lacs (HBL), and those
with a peak in the IR/optical bands, the low-frequency BL Lacs (LBL). Recently,
this classification scheme has been further refined by Abdo et al. (2010d) to include
the FSRQs. Still based on νsynchpeak , low synchrotron peaked blazars (LSPs) peak be-
low 1014 Hz (the far-IR or IR band), intermediate synchrotron peaked blazars (ISPs)
peak above 1014 Hz but below 1015 Hz, and high synchrotron peaked blazars (HSPs)
peak about 1015 Hz (in the UV or higher band) (Figure 1.5).
The radiation we receive from a blazar is an amalgam of three processes: (1)
the light from the host galaxy; (2) the thermal radiation from the accretion disk,
the torus, and the BLR; and (3) the non-thermal radiation from the jet. Because
the jets of blazars are aligned nearly directly towards us, the radiation from the jet
is relativistically boosted, typically overwhelming the other two sources of emission.
This Doppler boosting thus adds a fourth factor to be considered when unraveling
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the physics of a blazar. A fifth factor that must be considered is the redshift of the
object.
The locations within the jet and the physical processes related to the emis-
sion components are still being debated. Marscher (2010) presents one model of a
quasar indicating the location of emission components in Figure 1.6. On the left is
the supermassive black hole and accretion disk, with jets extending to the left and
right. The strongest NIR-optical synchrotron emission will be produced primarily
from near the end of the acceleration region where the magnetic fields will be the
strongest and the Doppler beaming is high. Using very long baseline interferometry
images, Jorstad et al. (2012) posit that gamma-ray emission is produced downstream
from the broad-line clouds if the seed photons are SSC, while Tavecchio et al. (2010)
uses the short timescales of variability to argue for a sub-parsec location. As a mov-
ing shock wave (“knot”) travels through the jet, the synchrotron component will
strengthen until it reaches the region where the magnetic field strength and parti-
cle density decrease due to the broadening of the jet (Marscher et al., 2008). The
outbursts we see may be the result of multiple shock waves or changes in particle
density, magnetic field strength or orientation, the Doppler factor due to changes
in jet trajectory (e.g., Villata et al., 2006; Jorstad et al., 2010), or, most likely, a
combination of these.
1.2.4 Spectral Indices: Decomposing the Components
The spectral index is the gradient of the spectrum, computed as
αν =
∂log(Sν)
∂log(ν)
, (1.2)
where Sν is the flux density. A spectral index of zero has equal luminosity per
interval of unit frequency. It would be a horizontal line on a spectrum plotted in
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Fig. 1.6: Model of a Quasar (from Marscher (2010))
terms of log(Sν) vs log(ν), but rising on the typical SED plotted in terms of log(νSν)
vs log(ν) (the left and right panels of Figure 1.4, respectively), and is considered
to be “flat” or “hard.” A spectral index of −1.0 has equal luminosity per decade
(logarithmic frequency interval) and will be a horizontal line on an SED plotted in
terms of log(νSν) vs log(ν). If the index is greater than −1.0 (i.e., closer to zero),
the luminosity is increasing; if less than −1.0, the luminosity is decreasing and it is
considered to be “steep” or “soft.”
Understanding the spectral index along the span of a blazar’s SED provides
insights into the interplay of the components driving the emission — the thermal
radiation of the accretion disk, the synchrotron emission arising from the compact
and the extended portions of the jet, and the inverse Compton scattering from the
relativistic electrons, whether with seed photons from the same region of the jet
or from an external source. As we move from the near-infrared up to the gamma-
ray part of the spectrum, changes in the spectral index indicate a change in the
mechanism driving the emission, hence a change in the structure of the jet.
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In the optical−UV region, the two primary sources of radiation are the thermal
emission from the accretion disk and the non-thermal, Doppler-boosted synchrotron
radiation from the jet. The spectral index of the high energy tail of synchrotron
radiation indicates that the the jet’s electron distribution is also a power law. The
fact that the spectral index remains constant over several orders of magnitude in size
scale raises questions about the physical conditions causing the acceleration of the
particles (Marscher, 2010).
If the accretion disk luminosity is important, it will be seen in the UV portion
of the spectrum. Commonly seen in other classes of AGNs, the “big blue bump”
is thought to be caused by thermal emission from the accretion disk. While obvi-
ous in the SEDs of other AGN, in blazars the bump is often overwhelmed by the
relativistically beamed non-thermal radiation. D’Elia et al. (2003) found that the
non-thermal component of the optical/UV emission of FSRQs accounts for ∼ 85% of
the total power. Only in about 9% of the objects they studied did the thermal com-
ponent dominate. A number of observations have indicated that the accretion disk
is less prominent in BL Lacs (e.g., Ghisellini et al., 2009; Giommi et al., 2012). An
alternative possibility for emission in the UV region of some blazars was suggested
by Raiteri et al. (2005). Studying the spectrum of 0235+164, these authors see the
signature of a second synchrotron component.
Disentangling the components producing the X-ray emission is complicated. If
the synchrotron luminosity peaks at a high-enough frequency, it may extend into
the ultraviolet and X-ray regimes. In this case, the X-ray spectral index will be
steep. However, for blazars with a low synchrotron peak (the ISP BL Lacs and the
FSRQs), the inverse Compton component should be rising at X-ray energies. If the
spectral index is greater than about −0.5, the inverse Compton radiation is rising
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faster than an SSC model could explain, indicating that external Compton or even
thermal emission is important.
At the highest energies, the gamma-ray emission is caused by upscattered inverse
Compton radiation. The spectral index and the amplitude of the peak emission when
compared to the amplitude of the peak synchrotron emission provide clues as to the
role of external Compton. Additionally, if the gamma rays are produced in the same
region as the optical, we would expect a correlation between the two spectral indices
(Sokolov et al., 2004).
1.3 Introduction to Remaining Chapters
This thesis presents a study of the light curves, SEDs, and spectral indices
of 35 blazars. Previous studies have been hindered by several problems: a lack
of near-simultaneous measurements across the broadband spectrum, measurements
only obtained during flaring episodes, or intense monitoring campaigns restricted
to a small number of objects. The data for this study are a result of the longest,
most comprehensive monitoring campaign of blazars to date. For the first time,
sufficient measurements are available to perform a statistical study of blazars across
the spectrum, comparing subclasses and the behavior of each subclass when the
object is either active or quiescent. Flaring episodes of blazars should affect the
relationships between the spectral slopes. How the indices change and how they
vary between and within blazar subclasses are the driving questions of this thesis.
With trends from a statistical study using a large number of well-sampled sources,
constraints can be put on theoretical models trying to identify the structure and
physics of these jets, and how these change between quiescent periods and outbursts
of radiation.
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I begin by first describing in Chapter 2 the measurements used in this study and
the observatories from which the measurements were acquired. The blazars included
in the study are described in Chapter 3. The analysis begins in Chapter 4 with
the definition of quiescent and active states and comparisons of trends in fluctuating
activity. I describe the definition and selection of the epochs used in the spectral
index analysis in Chapter 5, and the analysis of that data in Chapter 6. I conclude
with a discussion and summary in Chapter 7. Calibration plots are presented in
Appendix A, and the light curves, spectral index plots, and SEDs for each of the
blazars in the study are presented in Appendix B.
22
Chapter 2
Multi-Wavelength Observations
The data included in this analysis are observations spanning the electromagnetic
spectrum from near-infrared to gamma-ray wavelengths. The observations were ob-
tained at a number of space- and ground-based observatories. A list of these observa-
tories with the frequency bands of the data obtained from each observatory is found
in Table 2.1. In this section, I will provide a brief description of these observatories
and describe the data reduction procedures performed on the measurements.
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Table 2.1. List of Observatories Providing Measurements for this Study
Observatory Band
Fermi Gamma Ray Space Telescope (LAT) Gamma-ray
Swift Space Satellite V, B, U, UVW1, UVM2, UVW2, X-ray
Perkins Telescope B, V, R, I
Crimean Astrophysical Observatory (AZT-8) B, V, R, I
Liverpool Telescope R
Calar Alto Observatory R
SMARTS Consortium B, V, R, J, K
St. Petersburg University (LX-200) B, V, R, I
Steward Observatory V
Campo Imperatore J, H, K
2.1 Gamma Ray
2.1.1 Overview of the Instrument
The Fermi Gamma Ray Space Telescope was launched on 2008 June 11 and is
the source of my data in the high-energy gamma-ray regime. One of Fermi’s science
missions is to study the emission from jets accelerating at near light speed from black
holes1. The satellite has two instruments on board, the Large Area Telescope (LAT)
and the Gamma-ray Burst Monitor. It is data from the LAT that are most useful in
studying blazars. With a field of view exceeding two steradians, the LAT surveys the
entire sky every three hours when the satellite is in its normal scanning mode. Prior
to the launch of Fermi, gamma-ray emission from tens of blazars had been detected
by EGRET on the Compton Gamma Ray Observatory and the still operating AGILE
satellite, but the sensitivity of the LAT and its ability to frequently scan the entire
sky provides unprecedented coverage in this waveband.
1http://fermi.gsfc.nasa.gov/science/
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The LAT is sensitive to photons in the energy range of 20 MeV - 300 GeV. In
this range, pair conversion is the primary interaction of photons with matter. The
LAT separates gamma-ray emission from cosmic rays based on the detection of e+e-
pairs, and it uses the trajectories of e+e- pairs to accurately determine the source of
the emission and to record the emission’s arrival time. The telescope’s calorimeter
measures the energy based on the subsequent electromagnetic shower. Further details
can be found in Atwood et al. (2009) and Ackermann et al. (2012b).
The Fermi LAT provides photon and spacecraft data that need to be reduced
and analyzed in order to derive a flux measurement. These data are publicly available.
2.1.2 Data Reduction
Data from the first two years of LAT operation have been summarized in the
second Fermi gamma-ray LAT (2FGL) catalog (Nolan et al., 2012). The catalog
includes sources with energies exceeding 100 MeV detected over the first two years
of Fermi science operations. The majority of these sources are blazars. All objects
included in this thesis are a part of this catalog, with the exception of 3C111.
To construct the gamma-ray light curves, the Fermi data were reduced by Dr.
Svetlana G. Jorstad using Pass 7 photon and spacecraft data, the V9r23p1 version
of the Fermi Science Tools, and the instrument responses for the gal 2yearp7v6 v0
and iso p7v6clean.txt diffuse source models. All of these are available on the Fermi
website. She modeled the γ-ray emission between 0.1 and 200 GeV from a given target
and other point sources within 15 degrees radius of the target. A comprehensive
reduction was first performed with spectral models corresponding to those listed in
the 2FGL catalog, typically with a seven-day bin size. However, because the photon
index in the 2FGL catalog was computed from the flux collected by Fermi over two
years (Nolan et al., 2012), and because a typical blazar spends less than 5% of its
time in an active state (Abdo et al., 2010a), this index best represents the object in
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a quiescent state. To obtain a spectral index for each object while in an active state2,
the data for active states were re-reduced, typically with a 1-3 day bin size, using a
simple power law model while allowing the photon index to vary.
When creating the catalog, Nolan et al. (2012) modeled the spectra of the
blazars with either a power law or a log parabolic shape depending upon which
provided the best spectral fit. The log parabolic spectrum is of the form
dN
dE
= K(
E
E0
)
(−α−β log( E
E0
))
, (2.1)
with K the differential flux or normalization factor, E0 an arbitrary reference energy,
α the spectral slope at E0, and β the curvature.
The power law is of the form
dN
dE
= N0(E
−Γ), (2.2)
where N0 is the prefactor and Γ is the photon index.
2.2 X-Ray
2.2.1 Overview of the Instrument
The X-ray data for this analysis were obtained by the Swift space satellite.
The X-ray Telescope (XRT) on board Swift is an X-ray imaging spectrometer de-
signed to measure fluxes, spectra, and lightcurves of gamma ray bursts (GRBs)
(Burrows et al., 2005). It measures the flux of photons with energies in the range
of 0.2 − 10 keV and was designed to provide better than 3” position determina-
tion. Unlike Fermi, this telescope has a small (23.6 x 23.6 arcmin) field of view,
thus obtaining data only on a specifically targeted object. When not performing its
2I will define “active” and “quiescent” states in Chapter 4.
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primary mission of GRB science, the Swift satellite provides occasional observations
of 140 Fermi -LAT Monitored Sources, the majority of which are blazars. The guest
investigator target of opportunity observing program allows for more extensive moni-
toring campaigns, and several blazars have been observed through this program. The
Boston University (BU) Blazar team has initiated many of these campaigns. All of
these data are publicly available.
The XRT operates in two CCD readout modes: photon counting (PC) (photo-
diode) and windowed timing (WT), the former being the more sensitive and useful
for low count rates, the latter for brighter sources. In PC mode, if a source flux
exceeds ∼ 6×10−8 erg cm-2 s-1, multiple photons can be registered as a single pho-
ton when their charge distributions overlap within a CCD frame, a condition known
as “pileup.” To avoid this, the XRT automatically adjusts from PC mode to WT
mode. The image in WT mode consists of a vertical streak as the CCD is shifted
in a direction parallel to the spacecraft roll angle. Most of our blazars are imaged
exclusively or primarily in PC mode.
2.2.2 Data Reduction
From the public archives, I downloaded images obtained in pointing mode,
ignoring slew and settling data, as well as exposures less than 40 seconds. I reduced
the data using the standard HEAsoft package (version 6.11) maintained by the NASA
High Energy Astrophysics Archive Research Center. For all observations taken in
photon counting mode, a single circular region was defined for each source. I defined
this region using SAOImage DS93, centering the region on the source location and
visually establishing a radius in order to enclose up to ∼90% of the captured photons.
A background annulus was defined well outside the source (see Figure 2.1). For each
3http://hea-www.harvard.edu/RD/ds9/site/Home.html
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Fig. 2.1: An example of an XRT image
in PC mode. This is an observation of
0716+714. The green circle marks the
source region while the blue annulus
marks the background region.
0 73 146 220 293 366 439 512 586 659 732
Fig. 2.2: An example of an XRT image
in WT mode. This is an observation
of 3C454.3. The green box marks the
source region within which the pixel
values exceed ∼10 while the blue box
marks the background region.
image obtained in WT mode, I individually defined a region that included pixels
having a minimum value of ∼10, with the background region defined outside of the
streak (see Figure 2.2).
The standard xrtpipeline task was used to calibrate and clean the events,
selecting events with an energy range of 0.3−10 keV and grades 0−12 in PC mode and
0−2 in WT mode. The ancillary response file was created with PSF correction using
the xrtmkarf task, and the grppha task rebinned the data to ensure a minimum
of five photons in every new channel. I fitted the spectra with the spectral analysis
tool xspec, using a power-law model and, except for 0235+164, fixing the hydrogen
column density (NH) according to Dickey & Lockman (1990). For 0235+164, a value
of NH of 2.8 x 10
21 cm-2 was used to account for an intervening (z ) = 0.524 absorber
(Madejski et al., 1996; Ackermann et al., 2012a). A Monte-Carlo method was used
to test the goodness of fit. I created a Tcl script to extract the results.
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The next process was to check the output source counts for pileup. In PC
mode, the threshold for pileup is 0.5 counts s-1; for WT mode the threshold is
100 counts s-1. Each event with pileup was individually re-examined to remove
the center of the point-spread function (PSF) following the process outlined in
http://www.swift.ac.uk/analysis/xrt/pileup.php. I created a new
source region as an annulus, determining the inner radius by modeling the PSF as
a King function. The outer radius remained the size of the original source region.
The events were reprocessed and rechecked for pileup. None of the WT mode events
exceeded the threshold for pileup.
Table 2.2 presents an example of the data extracted. Column 1 gives the start
date and time (UT) of the observation, column 2 the total exposure time, columns
3-4 the minimum and maximum energy range, and column 5 the adopted value of
NH . The next six columns indicate the photon index and its uncertainties and the
power-law normalization and its uncertainties. Columns 12-17 give the flux and its
uncertainties, first in erg cm-2 s-1, then in photon cm-2 s-1. The last three columns
present the χ2, χ2R, and goodness of fit of the model fitting.
29
Table 2.2. XRT Data Extraction and Reduction Output Example
MJD t int Emin Emax NH(x10
22) Photon lo err up err Norm lo err up err Flux lo err up err
[d] [s] [keV] [keV] [1/cm2] Index conf90 conf90 conf90 conf90 [erg/cm2/s] conf90 conf90
55181.10 2426.247 0.3 10.0 0.09 2.90259 -0.17815 0.18068 0.00134 -0.00013 0.00013 3.87E-12 -3.63E-13 3.75E-13
55501.65 3382.860 0.3 10.0 0.09 2.68507 -0.19005 0.19257 0.00089 -0.00009 0.00009 2.68E-12 -2.81E-13 3.01E-13
55508.68 753.948 0.3 10.0 0.09 2.95443 -0.57125 0.59971 0.00090 -0.00022 0.00022 2.57E-12 -4.47E-13 7.61E-13
55510.94 1246.877 0.3 10.0 0.09 2.68529 -0.39552 0.41107 0.00098 -0.00016 0.00016 2.97E-12 -5.01E-13 5.64E-13
55783.91 2861.965 0.3 10.0 0.09 2.55879 -0.24461 0.25304 0.00058 -0.00008 0.00008 1.84E-12 -2.47E-13 2.90E-13
55960.75 1106.308 0.3 10.0 0.09 2.96477 -0.46619 0.51699 0.00052 -0.00013 0.00013 1.48E-12 -2.50E-13 5.32E-13
56217.36 1098.806 0.3 10.0 0.09 3.12128 -0.43977 0.48892 0.00079 -0.00015 0.00015 2.26E-12 -4.36E-13 4.03E-13
Table 2.2. (continued)
(MJD) Flux lo err up err χ2 χ2R dof prob Monte-Carlo goodness of fit test
(repeated) [phot/cm2/s] conf90 conf90
55181.10 0.002805 -0.000273 0.000376 38.015 0.667 57 na 0.00% of realizations are < than best fit statistic 38.015
55501.65 0.001723 -0.000159 0.000208 34.850 0.658 53 na 0.00% of realizations are < than best fit statistic 34.850
55508.68 0.001917 -0.000588 0.000627 4.836 0.537 9 na 6.00% of realizations are < than best fit statistic 4.836
55510.94 0.001911 -0.000334 0.000317 16.639 0.756 22 na 1.00% of realizations are < than best fit statistic 16.639
55783.91 0.001094 -0.000158 0.000203 31.179 0.974 32 na 5.00% of realizations are < than best fit statistic 31.179
55960.75 0.001107 -0.000280 0.000426 3.211 0.401 8 na 0.00% of realizations are < than best fit statistic 3.211
56217.36 0.001822 -0.000449 0.000463 15.716 0.982 16 na 14.00% of realizations are < than best fit statistic 15.716
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2.2.3 Technical Notes
I adapted or created a series of scripts and IDL programs for extracting XRT
data. These can be found in a folder called “SWIFT-reduction.” Detailed instruc-
tions for performing this reduction are in the document readme.tex. The script
XRT reduce all sort.csh is the primary script for the reduction. It automati-
cally processes all downloaded data files. There are three versions: one specifically
for observations obtained in PC mode; a second for observations obtained in PC
mode that had pileup; and a third for observations obtained in WT mode. Addi-
tionally, there is a preliminary version of the script that computes an average photon
index and average normalization number to be used as starting points for the xspec
modeling process.
In all versions, XRT reduce all sort.csh goes through five general steps,
with slight modifications that depend upon the type of records being processed. First,
it generates an xselect script to extract the spectrum for the object. Second, it
runs this script, extracting the spectrum based on the region files provided. Third,
xrtmkarf is run to compute the effective area of the telescope as a function of
energy. Fourth, grppha is run to rebin the energy channels. Then last, an xspec
script is executed to extract the data. The xspec script needs to be modified for
each object to specify NH and the starting values for the modeling. I added Tcl
code to the script to directly extract the data that is then written to an output file.
The version of XRT reduce all sort.csh for WT mode is identical except for
the names of the files to be processed. The version for PC mode records with pileup
assumes that the region file is already existing in the event directory, modifies the
xselect script to extract the event, and adds a step to create a new exposure map.
After running the xselect script for either PC mode or WT mode, the
program find pileup.pro must be run to check for pile-up. It reads the log
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files and prints the counts s-1 measurement. Records exceeding the recommended
thresholds must be individually reevaluated to determine how much of the inner
region should be ignored because of pileup in that region. Most of our objects do not
experience pileup, with the notable exceptions of 3C454.3 and BL Lacertae. After
creating the new region files, the xselect script specific for pileup must be run.
Care must be taken not to duplicate the output records.
Once all output records have been created, a combined, sorted version is read
into the program formatandAppend.pro. This program simply reformats the
data and appends them to the existing SPECTRAL-FIT.dat file.
2.3 Swift Optical and Ultraviolet
The UV/Optical Telescope (UVOT) is coaligned with the XRT on the Swift
space satellite. Working in tandem with the XRT, the UVOT takes images in three
UV filters, UVW2, UVM2, and UVW1 (centered at 0.1928, 0.2246, and 0.2600 µm
respectively), and three optical filters, U, B, and V (centered at 0.3465, 0.4392, 0.5468
µm respectively) (Poole et al., 2008).
2.3.1 Data Reduction
UVOT data were reduced by using the standard HEAsoft package (version 6.11)
and the calibration files released in July 2011. I downloaded the UVOT data from
the Swift public archives, restricting the operation mode parameter to “image”, the
spacecraft observing mode (pointing mode) to “pointing”, and an exposure time ex-
ceeding 40 seconds. For each object, I defined a selection region centered on the
source with the standard radius of 5” except for very faint objects (e.g., 0528+134,
0827+243) for which I chose a 3” radius. The background region was defined in a
source-free region with a circular aperture of 20”. Each exposure was checked for a
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correct alignment to the World Coordinate System. Those without the header field
ASPCORR equal to “DETECT” were individually aligned using the uvotunicorr
task. (The task uvotskycorr does not work correctly for these blazars.) All
extensions within an image were summed with uvotimsum and processed with
uvotsource using a sigma value of five. Data for each epoch were written to a
file, retaining only those epochs with a magnitude error less than 1.0 and a summed
exposure time exceeding 40 seconds.
Table 2.3 presents an example of the data extracted. Column 1 indicates the
reduced Julian date (RJD) of the observation. The observatory obtaining the data
is listed in column 2. (This field is needed because these data will be combined with
data from other observatories in later processing.) Column 3 lists the filter. Column
4 contains the total integration time for the image in seconds. The uncorrected
magnitude and its high and low uncertainties are presented in columns 5 − 7. The
magnitude after correction for extinction and its high and low uncertainties (Section
2.3.2) are presented in columns 8 − 10. Finally, the flux and its high and low
uncertainties (Section 2.3.2) are presented in columns 11 − 13. Data from other
observatories will have an identical format (Section 2.4).
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Table 2.3. UV-Optical-NIR Data Extraction and Reduction Output Example
RJD Observatory Filter t int Mag hi err lo err Corrected Mag hi err lo err Flux hi err lo err
[d] [s] [mJy]
5074.3755 Swift UVW2 645.2147 16.1572 0.0334 0.0334 15.4668 0.0334 0.0334 4.6730E-01 8.7698E-03 8.7698E-03
5074.3778 Swift V 160.9833 16.7091 0.0748 0.0748 16.4441 0.0748 0.0748 9.6225E-01 2.2069E-03 2.2069E-03
5074.3796 Swift UVM2 403.7234 15.9557 0.0438 0.0438 15.1747 0.0438 0.0438 5.6670E-01 1.8032E-02 1.8032E-02
5211.789 Swift U 307.1769 15.8475 0.033 0.033 15.4295 0.033 0.033 8.9507E-01 5.6558E-03 5.6558E-03
5211.7902 Swift B 307.1769 16.8095 0.0366 0.0366 16.4595 0.0366 0.0366 9.4783E-01 5.6429E-03 5.6429E-03
5211.7927 Swift UVW2 1234.3215 16.0171 0.0276 0.0276 15.3267 0.0276 0.0276 5.3167E-01 8.8168E-03 8.8168E-03
34
2.3.2 Dereddening and Flux Conversion
The dereddening procedure was different for observations in the ultraviolet (UV)
region than for observations in the optical-IR regions. For the UV observations,
I dereddened the fluxes using the Fitzpatrick (1999) interstellar extinction curve
with an Rv of 3.1 and Aλ values (Schlafly & Finkbeiner, 2011) as retrieved from
the NASA/IPAC EXTRAGALACTIC DATABASE (NED) website4 in 2012 Novem-
ber (see Table 2.4). Observations in the optical regime were dereddened using the
Schlafly & Finkbeiner (2011) values. An exception was made for 0235+164 (see Sec-
tion 2.3.3).
I converted the dereddened magnitudes to fluxes using the zero points and
Pickles star spectra conversion factors from Poole et al. (2008) for Swift observations
and Mead et al. (1990) for ground-based observations.
2.3.3 Special Dereddening for 0235+164
Dereddening 0235+164 is complicated by intervening sources of dust and optical
emission. A foreground galaxy at z = 0.524 lies 2 arcsec to the south of 0235+164.
It is known to be an active galactic nucleus (AGN) and has been given the name
“ELISA” (for elusive intervening southern AGN) (Raiteri et al., 2005). The flux from
ELISA contaminates that of 0235+164, especially in the blue end of the spectrum
and when the blazar is faintest. To remove the additional flux from ELISA, I followed
the procedure of Raiteri et al. (2008). I converted the observed magnitude of both
0235+164 and the foreground galaxy to flux (see Section 2.3.2) using the magnitudes
in Table 2.5. The IR bands are not affected significantly by the intervening AGN.
I subtracted the AGN flux from the observed flux of 0235+164, and converted the
remainder back to the magnitude system.
4 http://ned.ipac.caltech.edu/
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Table 2.4. Extinction Values
U B V R I J H K
(0.35) (0.43) (0.54) (0.64) (0.80) (1.25) (1.66) (2.19)
0235+164a 2.710 1.840 1.460 1.260 0.902 0.458 0.275 0.171
0336-019 0.379 0.317 0.240 0.190 0.132 0.062 0.039 0.026
0420-014 0.570 0.477 0.360 0.285 0.198 0.093 0.059 0.040
0528+134 3.637 3.043 2.301 1.820 1.263 0.595 0.377 0.253
0716+714 0.133 0.111 0.084 0.067 0.046 0.022 0.014 0.009
0735+178 0.152 0.127 0.096 0.076 0.053 0.025 0.016 0.011
0827+243 0.143 0.120 0.090 0.072 0.050 0.023 0.015 0.010
0829+046 0.142 0.118 0.090 0.071 0.049 0.023 0.015 0.010
0836+710 0.132 0.111 0.084 0.066 0.046 0.022 0.014 0.009
0954+658 0.497 0.416 0.314 0.249 0.173 0.081 0.051 0.035
1055+018 0.117 0.098 0.074 0.059 0.041 0.019 0.012 0.008
1127-145 0.159 0.133 0.101 0.080 0.055 0.026 0.016 0.011
1156+295 0.084 0.070 0.053 0.042 0.029 0.014 0.009 0.006
1219+285 0.098 0.082 0.062 0.049 0.034 0.016 0.010 0.007
1222+216 0.101 0.085 0.064 0.051 0.035 0.017 0.010 0.007
1308+326 0.061 0.051 0.038 0.030 0.021 0.010 0.006 0.004
1406-076 0.147 0.123 0.093 0.074 0.051 0.024 0.015 0.010
1510-089 0.418 0.350 0.265 0.209 0.145 0.068 0.043 0.029
1611+343 0.078 0.065 0.049 0.039 0.027 0.013 0.008 0.005
1622-297 1.869 1.564 1.183 0.936 0.649 0.306 0.194 0.130
1633+382 0.048 0.040 0.031 0.024 0.017 0.008 0.005 0.003
1730-130 2.212 1.851 1.400 1.107 0.768 0.362 0.229 0.154
1749+096 0.782 0.654 0.495 0.391 0.272 0.128 0.081 0.055
3C111 7.140 5.974 4.517 3.573 2.479 1.168 0.740 0.498
3C273 0.089 0.075 0.057 0.045 0.031 0.015 0.009 0.006
3C279 0.124 0.104 0.078 0.062 0.043 0.020 0.013 0.009
3C345 0.057 0.048 0.036 0.028 0.020 0.009 0.006 0.004
3C446 0.327 0.273 0.207 0.163 0.113 0.053 0.034 0.023
3C454.3 0.464 0.388 0.294 0.232 0.161 0.076 0.048 0.032
3C66A 0.364 0.305 0.230 0.182 0.126 0.060 0.038 0.025
3C84 0.706 0.590 0.446 0.353 0.245 0.115 0.073 0.049
BL Lac 1.426 1.193 0.902 0.714 0.495 0.233 0.148 0.099
CTA026 0.379 0.317 0.240 0.190 0.132 0.062 0.039 0.026
CTA102 0.314 0.263 0.199 0.157 0.109 0.051 0.033 0.022
Mkn421 0.066 0.055 0.042 0.033 0.023 0.011 0.007 0.005
OJ287 0.123 0.103 0.078 0.062 0.043 0.020 0.013 0.009
Note. — All values taken from the NASA/IPAC Extragalactic Database
(http://nedwww.ipac.caltech.edu/) unless otherwise noted. Uncertainties given
in column heading.
aReferences Ackermann et al. (2012a) and Raiteri et al. (2005)
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Table 2.5. 0235+164 Foreground Galaxy Magnitude and Extinction
Frequency Band Magnitudea Extinctionb
UVW1 20.45 2.52 (1)
UVM2 20.50 2.94 (1)
UVW2 20.65 2.87 (1)
U 20.80 2.71 (1)
B 21.40 1.84 (1)
V 20.95 1.46 (1)
R 20.50 1.260 (2)
I 19.90 0.902 (2)
J negligible 0.458 (2)
H negligible 0.275 (2)
K negligible 0.171 (2)
aAll values from Raiteri et al. (2005). Un-
certainty for all bands is 0.05 mag.
bReferences - (1)Ackermann et al. (2012a),
(2) Raiteri et al. (2008)
In addition to contaminating the emission, this foreground galaxy plus another
foreground system at z = 0.852 act as absorbing systems. Much work has been done
to model this extinction (see, e.g., Junkkarinen et al., 2004; Raiteri et al., 2005, 2008;
Ackermann et al., 2012a, and references contained therein). From the magnitude, I
applied the extinction values from Raiteri et al. (2005) for bands R, I, J, H, and K,
and from Ackermann et al. (2012a) for the remaining bands (Table 2.5). I converted
the magnitude back to flux using the same conversion factors as above.
2.4 Ground-Based Optical and Near-Infrared
In addition to the Swift optical data, I used optical data from eight ground-
based observatories. I dereddened all magnitude data and converted the dereddened
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magnitudes to fluxes as described in Sections 2.3.2 and 2.3.3. The data were collected
into files of the same format as displayed in Table 2.3.
Perkins Telescope
The Perkins telescope is housed at the Lowell Observatory in Flagstaff, Arizona.
The telescope has a 1.8 m mirror. Photometric data were obtained in B, V, R, and I
bands, using the PRISM camera built by Professor K. Janes. The data reduction is
performed with the ESO software package MIDAS. The PRISM camera has a 14’ x
14’ field of view that allows us to employ a differential photometry method for data
reduction.
Crimean Astrophysical Observatory (AZT-8)
The 70 cm telescope of the Crimean Astrophysical Observatory is located in Nauchnij,
Ukraine. Photometric data were obtained in B, V, R, and I bands. See Larionov et al.
(2008) and references within for details on data reduction.
Liverpool Telescope
The Liverpool Telescope is a 2 m robotic optical telescope at the Observatorio del
Roque de Los Muchachos (La Palma, Spain). It was designed specifically to study
variable astronomical phenomena5. The BU blazar group has an ongoing program
of monitoring the whole sample of 36 blazars 1 − 3 times per week for each source,
depending on its activity. We use the RATCAM camera, mainly in R-band. The
data are reduced in the same manner as the Perkins telescope data.
MAPCAT: Calar Alto
Monitoring AGN with Polarimetry at the Calar Alto Telescopes (MAPCAT) is a long-
5http://www.iac.es/eno.php?op1=2&op2=3&lang=en&id=18
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term, optical polarimetric monitoring project in collaboration with the BU Blazar
Monitoring project. Observations are obtained using the Calar Alto Faint Object
Spectrograph in polarimetric imaging mode (Agudo et al., 2012). R-band data were
obtained from this observatory by I. Agudo.
SMARTS
The Small and Moderate Aperture Research Telescope System (SMARTS) Con-
sortium operates four telescopes (0.9m - 1.5m) at the Cerro Tololo Inter-
american Observatory in Chile. Approximately 700 hours per year are dedi-
cated to observe all “official” LAT monitored blazars (with light curves posted
on the LAT website) viewable from the site6. Photometric data are ob-
tained in B, V, R, J, and K bands. The data are publicly available at
http://www.astro.yale.edu/smarts/glast/index.html.
St. Petersburg University (LX-200)
The 40 cm LX-200 telescope is operated by St. Petersburg State University in St.
Petersburg, Russia. Photometric data were obtained in B, V, R, and I bands and
reduced by the St. Petersburg group (e.g., Larionov et al., 2008).
Steward Observatory
Steward Observatory at the University of Arizona has been observing γ-ray bright
blazars in both linear polarization and flux since 2008 October. The blazars moni-
tored are from the official LAT monitored source list. The observations are obtained
in V band on either the 2.3 m Bok telescope on Kitt Peak, AZ or the 1.54 Kuiper
telescope on Mt. Bigelow, AZ (Smith et al., 2009). The data are publicly available
at http://james.as.arizona.edu/
˜
psmith/Fermi/.
6http://www.astro.yale.edu/smarts/
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Main (Pulkovo) Astronomical Observatory at Campo Imperatore
The 1.1 m telescope of the Main (Pulkovo) Astronomical Observatory of the Russian
Academy of Sciences is located at Campo Imperatore, Italy. Photometric data were
obtained in J, H, and K bands and reduced by the St. Petersburg University group
(Hagen-Thorn et al., 2008).
2.4.1 Technical Notes
The data from each of the observatories are initially in disparate for-
mats. I wrote a series of IDL routines to reassemble the data into a com-
mon format with a common naming convention. The programs are named
update (observatory). The extracted data files must be located in a direc-
tory ∼/rawdata/(observatory)/newfiles/ prior to running the program.
The data are appended to previous observations (except for those observatories for
which all observations are extracted each time). Duplicate data are removed. Each
program calls the same routines to compute the extinction and convert the magni-
tudes to fluxes. The dereddening and flux conversion is done on the complete file of
data from the observatory to prevent changes in extinction values or the dereddening
process from causing discrepancies in the data.
Output files are created for individual filters plus a single file for each observa-
tory that contains all observations. The UNIX routine combine.csh combines all
UV, optical, and IR data obtained on a source from all observatories into a single file
named (object name) all uvoir.dat. This routine can be executed for a sin-
gle source or for all sources. It MUST be executed each time new data are extracted
or programs such as lightcurve.pro will not pick up the latest observations.
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2.5 Calibration of Infrared through Ultraviolet Spectra
With data being collected from multiple space- and ground-based observatories,
it is important to verify that the data reduction is resulting in comparable magni-
tudes. Performing this verification with non-simultaneous observations on objects
that themselves vary on often short time scales can result in a misleading conclusion.
However, we can minimize the variability by restricting the calibration analysis to
periods of quiescent activity.
To determine if any observatory preferentially determines magnitudes for a band
higher or lower than the others, I queried all measurements for all objects, selecting
sets of measurements when a minimum of two observatories observed an object in
the same frequency band within the same day. I restricted the observations to days
when the source was both in a quiescent period in gamma rays and not active in
any IR through U bands. If an observatory had multiple observations during that
day, I computed a weighted mean for that observatory. I then computed the differ-
ence between each observatory’s measurement and the unweighted mean across all
observatories with a measurement obtained during that day.
The results are presented in Appendix A. For each observatory, a series of plots
display the data obtained by that observatory less the mean of data obtained for
the source within a day, with each band in a separate plot. Additionally, the plots
are divided by pairs of observatories to facilitate comparison between observatories.
For example, the first plot presents data obtained in B band by Swift, each point
representing the difference in flux obtained by Swift and the mean of other observa-
tories using B band. Only measurements made quasi-simultaneously with SMARTS
data are displayed. The plot in the next panel displays measurements made quasi-
simultaneously with Swift and LX-200. Each data point represents observations of a
source. A total of 1111 sets of observations are represented.
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Overall, no consistent discrepancies appear to be present in any band for any
observatory, with the exception of the SMARTS K band and LX-200 V Band. No
general adjustment is made to LX-200 V Band data, as it is consistent with AZT-8
data; limited common data between LX-200 and Perkins prohibits any conclusion
for that pairing. SMARTS K band data will be used with caution. The plots for
SMARTS R-band data identify several isolated points that are far below the mean,
all of which are for a single object, 3C273. The SMARTS R-band data for 3C273 were
excluded from the final analysis. In other plots, a few isolated points are apparent
and were avoided in the final analysis.
2.6 File Structure
Reduced data for all objects can be found in a common format within the direc-
tory “objects.” Each object has its own sub-directory containing the file (object
name) uvoir.dat of all UV through radio data from all observatories in the for-
mat shown in Table 2.3. Also in the object’s directory are separate files containing
the data from each observatory, with files both individually available by filter and
one containing all data from the observatory. Two additional sub-directories for each
object contain the intermediate data files used in this study and a directory for all
print files generated in programs such as lightcurve.pro. An example of this
structure can be seen in Figure 2.3.
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Fig. 2.3: The organization of the extracted and reduced data. Separate directories
exist for each object. Within the directory are sub-folders containing the data from
the observatories.
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Chapter 3
The Blazar Sample
3.1 Summary of Objects
The Boston University Blazar team leads an international collaboration that
is arduously collecting multi-waveband fluxes, polarization measurements, and jet
images of blazars to provide the necessary data set for understanding these enigmatic,
unpredictable objects (Marscher, 2012). This long-term monitoring program began
in 2007, and this thesis studies the 35 blazars for which optical data have been
collected.
The original 30 objects selected for the monitoring campaign were blazars
confirmed as gamma-ray sources by EGRET (Energetic Gamma Ray Experiment
Telescope), the high-energy gamma-ray telescope that flew onboard the space-based
Compton Gamma Ray Observatory (CGRO). EGRET detected gamma rays in the
30 MeV to over 20 GeV range. The Third EGRET Catalog, compiled between 1991
and 1995, consisted of 271 sources, 66 of which were high-confidence blazar identi-
fications (Hartman et al., 1999). Of these 66 sources, 30 had an R-band brightness
exceeding 19 mag, thus measurable in polarized light by ground-based observatories,
and a declination accessible to the collaboration’s observatories. As they were de-
tected at high gamma-ray flux levels, the TeV source Mkn421 and three additional
BL Lacs were added to the campaign (1055+018, 1749+096, and 3C66A), plus the
radio galaxy 3C84 was added to complement the single radio galaxy (3C111) in the
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original 30. (A third radio galaxy, 3C120, was added in 2012, but had insufficient
measurements to be included in this thesis.)
Table 3.1 presents the complete list of the 35 blazars in this study. Column 1 is
an object reference number that will be used in plots to identify the source. Column
2 is the object name as used in this writing, and column 3 is an alternate, commonly
used name. Column 4 is the redshift as reported on NASA/IPAC Extragalactic
Database (NED)1, Column 5 is the right ascension and Column 6 is the declination
of the object. Column 7 identifies the object’s optical classification, and Column 8
the spectral energy distribution (SED) classification (see Section 1.2.3).
Of the 35 blazars, 12 have an optical classification as a BL Lac, 21 as a
flat spectrum radio quasar (FSRQ), and 2 as radio galaxies. Of the 12 BL Lacs,
5 have an SED classification of low synchrotron peaked blazar (LSP), 6 as an
intermediate synchrotron peaked blazar (ISP), and 1 as a high synchrotron peaked
blazar (HSP). All FSRQs have an SED classification of LSP.
Redshifts have been determined for all objects. The BL Lacs range from z =
0.03 (Mkn421) to 0.94 (0235+164), with an average of z = 0.36 ± 0.29. Redshifts for
the FSRQs range from z = 0.158 (1226+023) to 2.172 (0836+710), with an average
of z = 1.03 ± 0.54. The two radio galaxies are both relatively nearby with redshifts
of 0.018 and 0.049.
1urlhttp://nedwww.ipac.caltech.edu
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Table 3.1. Sources in Analysis
Obj Object Alternate Optical SED
Num Name Name za R.A. 2000b Dec. 2000b Classc Classc
(1) (2) (3) (4) (5) (6) (7) (8)
1 0235+164 0.940 02 38 38.93 +16 36 59.3 BL Lac LSP
2 0336−019 CTA26 0.852 03 39 30.94 -01 46 35.8 FSRQ LSP
3 0420−014 OA129 0.916 04 23 15.80 -01 20 33.1 FSRQ LSP
4 0528+134 2.060 05 30 56.42 +13 31 55.1 FSRQ LSP
5 0716+714 0.300d 07 21 53.45 +71 20 36.4 BL Lac ISP
6 0735+178 0.424 07 38 07.39 +17 42 19.0 BL Lac LSP
7 0827+243 OJ248 0.940 08 30 52.09 +24 10 59.8 FSRQ LSP
8 0829+046 0.174 08 31 48.88 +04 29 39.1 BL Lac LSP
9 0836+710 2.172 08 41 24.37 +70 53 42.2 FSRQ LSP
10 0954+658 0.368 09 58 47.25 +65 33 54.8 BL Lac ISP
11 1055+018 4C+01.28 0.890 10 58 29.61 +01 33 58.8 BL Lac LSP
12 1127−145 1.184 11 30 07.05 -14 49 27.4 FSRQ LSP
13 1156+295 4C+29.45 0.724 11 59 31.83 +29 14 43.8 FSRQ LSP
14 1219+285 WCom 0.102 12 21 31.69 +28 13 58.5 BL Lac ISP
15 1222+216 4C+21.35 0.432 12 24 54.45 +21 22 46.5 FSRQ LSP
16 1308+326 0.996 13 10 28.66 +32 20 43.8 FSRQ LSP
17 1406−076 1.494 14 08 56.48 -07 52 26.7 FSRQ LSP
18 1510−089 0.360 15 12 50.53 -09 05 59.8 FSRQ LSP
19 1611+343 DA406 1.397 16 13 41.06 +34 12 47.9 FSRQ LSP
20 1622−297 0.815 16 26 06.02 -29 51 27.0 FSRQ LSP
21 1633+382 4C+38.41 1.814 16 35 15.49 +38 08 04.5 FSRQ LSP
22 1730−130 NRAO 530 0.902 17 33 02.71 -13 04 49.5 FSRQ LSP
23 1749+096 OT081 0.322 17 51 32.82 +09 39 00.7 BL Lac LSP
24 3C66A 0219+428 0.444 02 22 39.61 +43 02 07.8 BL Lac ISP
25 3C84 0316+413 0.018 03 19 48.16 +41 30 42.1 Radio Gal
26 3C111 0415+37 0.049 04 18 21.28 +38 01 35.8 Radio Gal
27 3C273 1226+023 0.158 12 29 06.70 +02 03 08.7 FSRQ LSP
28 3C279 1253-055 0.536 12 56 11.17 -05 47 21.5 FSRQ LSP
29 3C345 1641+399 0.593 16 42 58.81 +39 48 37.0 FSRQ LSP
30 3C446 2223-052 1.404 22 25 47.26 -04 57 01.4 FSRQ LSP
31 3C454.3 2251+158 0.859 22 53 57.75 +16 08 53.6 FSRQ LSP
32 BL Lacertae 2200+420 0.069 22 02 43.29 +42 16 40.0 BL Lac ISP
33 CTA102 2230+114 1.037 22 32 36.42 +11 43 50.8 FSRQ LSP
34 Mkn421 1101+384 0.030 11 04 27.31 +38 12 31.8 BL Lac HSP
35 OJ287 0851+202 0.306 08 54 48.87 +20 06 30.6 BL Lac ISP
aInformation taken from the NASA/IPAC Extragalactic Database
(http://nedwww.ipac.caltech.edu/).
bSimbad resolver as reported in http://heasarc.gsfc.nasa.gov.
c(Ackermann et al., 2011)
dDanforth et al. (2013) set 0.2315 < z < 0.372 (99.7%)
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3.2 Available Data
Considerable observational data has been compiled for these 35 objects. The
number of measurements obtained on each object from each observatory is presented
in Table 3.2. The Fermi counts are the number of records generated based on the
binning used prior to being adjusted with longer periods for quiescent activity (see
Section 5.2). Records with upper limit values are not included in these counts.
The temporal breadth and depth of the observations can best be viewed on the
light curves for each of the sources. These can be found in Figures B.1− B.35, panels
(a). Each sub-panel presents observations in a frequency band. The top sub-panel
presents the gamma-ray data from Fermi. The second and third sub-panels present
data from Swift, with X-ray data in the second sub-panel and UVW1, UVM2, and
UVW2 data in the third. Below, in order, are optical and infrared data in bands U,
B, V, R, I, J, H, and K, if available. The color and shape of the symbols represent
the observatory obtaining the data (see Table B.1 for the legend). The vertical lines
indicate the epochs included in the analysis; this will be explained in greater detail
in Chapter 5. The horizontal lines indicate activity levels in each frequency band;
this will be explained in greater detail in Chapter 4.
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Table 3.2. Counts of Number of Measurements By Object By Observatory
Object Fermia Swift Swift Steward St.Petsbg St.Petsbg Perkins Liver-
Name γ-ray XRT UVOT SMARTS Obsv. Opt. IR Obsv. pool Radiob Total
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
0235+164 69 91 492 1007 129 1760 1143 134 84 131 5040
0336−019 81 5 38 0 9 99 0 77 59 21 389
0420−014 133 16 65 0 52 417 165 140 49 81 1118
0528+134 27 76 156 645 17 15 110 112 67 103 1328
0716+714 437 103 472 0 115 4406 617 107 132 83 6472
0735+178 144 14 48 0 34 213 51 118 19 68 709
0827+243 63 63 197 0 121 270 48 80 39 95 976
0829+046 78 16 37 0 0 171 52 51 11 21 437
0836+710 61 28 65 0 0 297 79 63 84 93 770
0954+658 27 14 69 0 6 1233 163 106 39 76 1733
1055+018 128 13 35 0 0 30 0 64 18 91 379
1127−145 42 23 69 94 5 0 0 63 27 0 323
1156+295 152 21 54 0 0 677 72 208 34 111 1329
1219+285 104 74 432 0 158 490 79 78 15 19 1449
1222+216 170 66 238 0 176 97 0 118 41 135 1041
1308+326 81 14 45 0 0 134 0 69 14 84 441
1406−076 45 20 260 777 3 16 0 42 33 45 1241
1510−089 212 157 874 1767 165 1042 223 171 120 216 4947
1611+343 8 7 28 0 0 234 75 93 43 77 565
1622−297 25 41 241 947 0 0 0 4 41 0 1299
1633+382 204 72 331 0 157 1185 167 124 35 115 2390
1730−130 49 49 242 1151 0 0 0 47 52 62 1652
1749+096 65 25 61 12 0 453 0 76 116 132 940
3C66A 203 19 85 0 153 1940 735 81 57 57 3330
3C84 228 18 105 0 0 31 0 23 0 533 938
3C111 5 7 26 0 0 58 0 45 207 152 500
3C273 160 148 135 893 151 405 48 120 104 178 2342
3C279 197 284 939 1869 173 562 117 153 129 197 4620
3C345 51 27 122 0 45 1172 194 153 50 140 1954
3C446 34 9 16 148 0 16 0 46 45 82 396
3C454.3 960 331 1417 2096 299 1924 427 234 114 243 8045
BL Lacertae 216 196 1086 0 309 2631 179 442 250 229 5538
CTA102 199 53 197 0 51 1023 155 196 65 89 2028
Mkn421 219 288 1219 0 206 382 0 69 0 101 2484
OJ287 108 127 618 1740 209 1786 190 207 1 214 5200
Total 4985 2515 10514 13146 2743 25169 5089 3914 2194 4074 74343
aCount of observations from Fermi are based on the number of records generated during the data reduction,
typically using a bin size of 7 days. Records with upper limit values are not included in these counts.
bSome radio data were collected, reformatted into the standard format, and moved into the data collection, but
not used in this analysis.
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Chapter 4
Quiescent and Active States
4.1 Definitions
In Section 1.2.2, I noted how blazar light curves typically give the impression of
having periods of quiescence interrupted by sometimes sudden outbursts. This anal-
ysis focuses on comparing the spectral indices when a source is in an active versus a
quiescent state; therefore, it is important to define “quiescent” and “active.” Unfortu-
nately, the community has no specific definition for these terms. Abdo et al. (2010a)
defined a “bright” state as 1.5× the variance of the mean flux value. Nalewajko
(2013) defined a flare as “a contiguous period of time, associated with a given flux
peak, during which the flux exceeds half of the peak value, and this lower limit is
attained exactly twice —at the beginning and at the end of the flare.”
For this thesis, I define these states based on the weighted mean flux, 〈Fb〉, and
standard deviation, σ, of all of the observations of the source within an energy band,
where b is the referenced band. I set a quiescent flux level to be below 〈Fb〉 − 3σ
and an active flux level to be above 〈Fb〉 + 5σ. Between these levels, I consider the
source to be in a transitional state. Additionally, I further define a flaring flux level
as when the flux exceeds 〈Fb〉 + 25σ. For Fermi data, I include upper limit values
in the computation of 〈Fγ〉, replacing both the flux and its error with the value of
the upper limit.
Occasionally, the light curve for a frequency band would lead to a questionable
value of 〈Fb〉. An example is 〈Fγ〉 for 0235+164 (See Figure B.1a). In this case,
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there were seven data points with extremely small uncertainties skewing 〈Fγ〉 such
that it falls below any firmly detected flux values; therefore, 〈Fγ〉 for 0235+164 was
computed without these data. Another example is 3C273, especially in I band (see
B.27a). In this case, the odd value can be explained by data prior to RJD 4700 that
are nearly all higher than 〈FI〉, and many of these data have smaller uncertainties
than data obtained post-RJD 4700.
Table 4.1 presents 〈Fb〉, its uncertainty, and the number of data points used
in its computation for each frequency band for each object. On light curve plots
(Figures B.1− B.35, panels (a)), the level for each state is indicated with horizontal
lines colored in blue (quiescent), green (active), and red (flaring).
Most gamma-ray light curves reveal isolated low/high flux points interrupting a
longer period of activity at a higher/lower flux level. These rapid periods of variability
may be of interest, but are outside the scope of this thesis. (Some, for example, might
be due to the Moon, which is a gamma-ray source, passing near the blazar’s position.)
To discriminate between an isolated low or high flux point and a more sustained
period of activity, I impose a minimum period of time for the object to remain at a
given flux level before I consider it a quiescent or active period. Furthermore, because
this thesis is studying epochs when gamma-ray emission is either quiescent or active,
my definitions of quiescent and active periods are solely based on the gamma-ray
regime. A similar process could be used for future analysis based on any of the
frequency bands. I set a quiescent period to extend a minimum of 21 consecutive
days, with upper limit bins considered quiescent, and an active period to extend a
minimum of 14 consecutive days. As an example, for seven-day binning of Fermi
data, a minimum of two consecutive data points at least 5σ above 〈Fγ〉 are required
before I consider it to be an active period and qualify the data points to be in an
active state. I consider a flaring state to be a subset of an active state, so that an
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Table 4.1. Mean Flux Values (Part 1 of 3): Gamma-ray through Ultraviolet Bands
Object Fermi γ-ray [phot cm−2s−1] Swift XRT [erg cm−2s−1] Swift UVW2 [mJy] Swift UVM2 [mJy] Swift UVW1 [mJy]
Name 〈Fγ〉 1-σ # Items 〈FX 〉 1-σ # Items 〈FW2〉 1-σ # Items 〈FM2〉 1-σ # Items 〈FW1〉 1-σ # Items
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16)
0235+164 1.88E-07 2.76E-09 206 2.28E-12 6.34E-14 91 0.241 0.001 99 0.312 0.001 95 0.358 0.000 99
0336-019 1.23E-07 4.11E-09 213 1.13E-12 1.56E-13 5 0.190 0.003 7 0.220 0.007 6 0.265 0.002 7
0420-014 1.33E-07 3.46E-09 213 2.62E-12 1.05E-13 16 0.136 0.002 12 0.203 0.005 12 0.243 0.001 13
0528+134 1.10E-07 5.95E-09 216 2.32E-12 9.22E-14 76 0.515 0.001 11 1.467 0.003 9 0.347 0.001 16
0716+714 2.17E-07 2.58E-09 501 7.60E-12 6.97E-14 103 3.975 0.001 76 4.316 0.002 72 6.080 0.001 83
0735+178 7.08E-08 2.21E-09 212 8.12E-13 8.17E-14 14 0.285 0.003 11 0.339 0.006 10 0.508 0.002 9
0827+243 1.51E-07 4.78E-09 228 2.76E-12 9.22E-14 63 0.242 0.001 46 0.282 0.002 52 0.379 0.001 49
0829+046 6.41E-08 2.47E-09 209 1.13E-12 8.67E-14 16 0.307 0.003 7 0.274 0.007 7 0.723 0.002 7
0836+710 1.58E-07 4.99E-09 208 1.64E-11 2.67E-13 28 0.057 0.002 12 0.077 0.005 11 0.172 0.001 13
0954+658 6.86E-08 3.68E-09 209 2.15E-12 9.29E-14 14 0.097 0.003 11 0.100 0.006 9 0.164 0.001 14
1055+018 1.17E-07 3.36E-09 214 2.74E-12 1.47E-13 13 16.817 0.014 8 16.657 0.022 5 16.669 0.017 5
1127-145 1.03E-07 4.47E-09 219 5.50E-12 2.09E-13 23 16.445 0.010 19 16.131 0.010 19 16.053 0.008 20
1156+295 1.43E-07 2.94E-09 214 1.34E-12 8.62E-14 21 0.412 0.003 8 0.429 0.006 8 0.454 0.002 10
1219+285 6.03E-08 2.20E-09 219 2.14E-12 4.47E-14 74 1.054 0.001 70 1.119 0.002 68 1.660 0.001 75
1222+216 2.02E-07 3.00E-09 213 3.21E-12 7.97E-14 66 1.671 0.001 38 1.554 0.003 41 1.983 0.001 41
1308+326 7.03E-08 2.36E-09 219 1.43E-12 9.77E-14 14 0.078 0.003 10 0.120 0.005 11 0.190 0.002 7
1406-076 8.50E-08 4.06E-09 219 7.14E-13 7.01E-14 20 0.007 0.001 42 0.015 0.002 42 0.036 0.001 46
1510-089 6.11E-07 4.98E-09 214 6.78E-12 7.99E-14 157 0.537 0.001 154 0.615 0.002 141 0.731 0.000 153
1611+343 4.13E-08 2.98E-09 219 1.04E-12 1.02E-13 7 0.053 0.004 4 0.090 0.009 4 0.206 0.002 6
1622-297 8.63E-08 5.57E-09 123 2.23E-12 1.48E-13 41 0.256 0.001 43 0.302 0.002 41 0.282 0.001 47
1633+382 2.44E-07 3.36E-09 216 2.29E-12 7.24E-14 72 0.022 0.001 54 0.044 0.002 59 0.160 0.001 60
1730-130 1.82E-07 4.94E-09 213 1.66E-12 9.85E-14 49 0.114 0.001 37 0.182 0.002 25 0.197 0.000 48
1749+096 8.39E-08 3.26E-09 233 4.17E-12 1.64E-13 25 0.694 0.003 11 0.548 0.005 11 1.104 0.001 13
3C66A 1.25E-07 2.30E-09 213 4.09E-12 7.27E-14 19 2.313 0.002 16 2.368 0.005 13 3.549 0.001 15
3C84 1.86E-07 2.69E-09 234 1.72E-10 1.21E-12 18 2.542 0.002 19 2.950 0.005 16 3.989 0.001 20
3C111 8.71E-08 6.24E-09 229 5.54E-11 9.66E-13 7 84.032 0.006 1 709.111 0.008 2 21.694 0.001 4
3C273 3.14E-07 4.75E-09 214 1.20E-10 3.09E-13 148 24.924 0.002 29 24.202 0.004 23 30.848 0.001 27
3C279 3.43E-07 3.70E-09 208 1.03E-11 6.60E-14 284 0.353 0.001 142 0.400 0.002 136 0.643 0.000 170
3C345 1.26E-07 5.58E-09 222 4.76E-12 1.13E-13 27 0.234 0.002 21 0.241 0.004 19 0.327 0.001 23
3C446 7.87E-08 4.16E-09 225 1.78E-12 1.22E-13 9 0.038 0.006 2 0.053 0.010 3 0.150 0.003 2
3C454.3 7.79E-07 5.80E-09 1214 3.41E-11 1.36E-13 331 0.987 0.001 255 1.222 0.001 251 1.682 0.000 280
BL Lacertae 2.40E-07 3.42E-09 268 1.05E-11 8.22E-14 196 1.117 0.001 182 1.443 0.001 175 2.052 0.000 189
CTA102 2.05E-07 3.94E-09 324 4.43E-12 9.40E-14 53 0.437 0.001 36 0.514 0.003 32 0.692 0.001 39
Mkn421 1.79E-07 2.01E-09 219 6.09E-10 8.77E-14 288 11.771 0.000 415 11.924 0.001 402 15.449 0.000 388
OJ287 1.05E-07 3.24E-09 209 4.81E-12 6.95E-14 127 1.088 0.001 100 1.170 0.002 90 1.773 0.000 119
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Table 4.1. Mean Flux Values (Part 2 of 3): Optical Bands
Object U -BAND [mJy] B-BAND [mJy] V -BAND [mJy] R-BAND [mJy]
Name 〈FU 〉 1-σ # Items 〈FB〉 1-σ # Items 〈FV 〉 1-σ # Items 〈FR〉 1-σ # Items
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)
0235+164 0.5846 0.0004 82 0.2961 0.0002 428 0.5666 0.0002 693 0.641 0.000 1249
0336-019 0.2575 0.0023 6 0.4116 0.0016 13 0.3769 0.0008 29 0.600 0.000 211
0420-014 0.2468 0.0017 10 0.4408 0.0014 78 0.5790 0.0005 154 0.686 0.000 365
0528+134 0.2603 0.0005 46 0.3293 0.0005 181 0.3297 0.0002 207 0.296 0.000 357
0716+714 8.1108 0.0006 79 10.6264 0.0006 960 14.7588 0.0002 1112 21.304 0.001 1908
0735+178 0.6576 0.0018 10 0.8648 0.0022 21 1.2175 0.0012 94 1.350 0.001 240
0827+243 0.4215 0.0008 47 0.4596 0.0013 42 0.5345 0.0006 194 0.481 0.000 276
0829+046 0.6785 0.0021 7 0.7085 0.0014 29 1.4906 0.0009 46 1.726 0.001 149
0836+710 0.4742 0.0017 11 0.5821 0.0014 67 0.6327 0.0006 104 0.677 0.000 313
0954+658 0.2612 0.0016 12 0.4911 0.0010 182 0.6887 0.0005 229 0.950 0.000 933
1055+018 16.2981 0.0152 7 17.4880 0.0007 11 16.8986 0.0025 13 16.434 0.001 100
1127-145 15.9223 0.0193 4 17.1573 0.0024 31 16.1379 0.0032 9 16.555 0.001 112
1156+295 0.4295 0.0016 13 0.8236 0.0010 118 0.3965 0.0003 94 0.582 0.000 565
1219+285 2.1025 0.0007 73 2.6622 0.0006 170 3.7485 0.0003 334 4.729 0.001 304
1222+216 1.9268 0.0008 48 2.0740 0.0009 50 2.1617 0.0004 234 2.406 0.001 229
1308+326 0.2196 0.0021 7 0.1426 0.0012 20 0.1742 0.0004 22 0.264 0.000 173
1406-076 0.0762 0.0007 47 0.1000 0.0002 231 0.1188 0.0001 223 0.144 0.000 288
1510-089 0.9631 0.0005 147 1.0963 0.0003 660 1.2362 0.0002 851 1.347 0.000 1129
1611+343 0.2722 0.0023 6 0.3733 0.0004 50 0.3576 0.0004 54 0.433 0.000 258
1622-297 0.3325 0.0007 42 0.4412 0.0006 223 0.7562 0.0003 232 0.409 0.001 239
1633+382 0.3323 0.0007 56 0.4385 0.0006 241 0.3951 0.0002 429 0.470 0.000 717
1730-130 0.1826 0.0006 46 0.3308 0.0005 272 0.4727 0.0002 271 0.874 0.001 368
1749+096 2.5314 0.0017 11 2.7979 0.0018 55 3.2129 0.0008 79 0.907 0.000 459
3C66A 4.4916 0.0015 15 5.5246 0.0010 412 7.0898 0.0006 590 6.795 0.001 786
3C84 5.6294 0.0013 18 10.0947 0.0014 19 15.8527 0.0006 29 31.006 0.014 24
3C111 6.6160 0.0015 5 8.1849 0.0016 8 9.2582 0.0007 8 10.352 0.006 349
3C273 27.9733 0.0028 4 27.0881 0.0010 423 31.2601 0.0005 574 31.750 0.003 248
3C279 0.9158 0.0004 171 0.7786 0.0003 636 1.6320 0.0002 817 0.928 0.000 914
3C345 0.3222 0.0012 22 0.4744 0.0007 220 0.5399 0.0003 287 0.450 0.000 699
3C446 0.1400 0.0024 5 0.0297 0.0002 13 0.1523 0.0008 25 0.216 0.000 190
3C454.3 2.1437 0.0004 225 2.5487 0.0003 988 4.0614 0.0002 1304 3.221 0.001 1578
BL Lacertae 3.2994 0.0004 184 5.3917 0.0004 818 8.8182 0.0002 1152 15.438 0.002 1318
CTA102 0.8059 0.0010 33 0.7522 0.0006 175 1.1621 0.0004 286 1.046 0.000 794
Mkn421 9.4738 0.0018 10 19.8597 0.0035 94 19.2363 0.0011 304 29.018 0.002 263
OJ287 2.4001 0.0005 110 3.2575 0.0004 826 4.6695 0.0002 1051 5.258 0.001 1215
52
Table 4.1. Mean Flux Values (Part 3 of 3): Near-Infrared Bands
Object I -BAND [mJy] J -BAND [mJy] H -BAND [mJy] K -BAND [mJy]
Name 〈FI 〉 1-σ # Items 〈FJ 〉 1-σ # Items 〈FH 〉 1-σ # Items 〈FK 〉 1-σ # Items
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)
0235+164 1.244 0.001 469 1.835 0.002 646 2.530 0.004 376 5.122 0.004 547
0336-019 0.773 0.002 33
0420-014 1.456 0.001 112 1.850 0.005 55 2.833 0.009 55 2.821 0.022 55
0528+134 0.312 0.000 16 0.627 0.002 234 0.952 0.007 36 1.201 0.013 36
0716+714 26.156 0.002 990 22.779 0.023 346 45.092 0.039 137 57.176 0.059 134
0735+178 2.121 0.002 75 3.550 0.008 19 5.131 0.013 16 6.830 0.022 16
0827+243 0.496 0.001 36 0.602 0.005 18 0.635 0.008 15 0.807 0.015 15
0829+046 2.315 0.003 45 3.963 0.008 20 5.867 0.014 16 8.277 0.024 16
0836+710 0.770 0.003 22 1.046 0.004 35 1.106 0.006 23 1.502 0.017 21
0954+658 1.345 0.002 98 2.473 0.007 60 3.917 0.013 54 5.756 0.025 49
1055+018 16.372 0.002 9
1127-145 16.481 0.017 5 16.078 0.013 31 13.992 0.037 9
1156+295 1.954 0.001 181 1.288 0.006 33 2.176 0.014 23 4.115 0.024 16
1219+285 5.861 0.002 109 10.653 0.015 29 15.241 0.025 27 17.913 0.031 23
1222+216 2.050 0.002 11
1308+326 0.206 0.001 31
1406-076 0.204 0.002 4 0.272 0.001 182 0.379 0.005 45
1510-089 1.879 0.001 250 2.393 0.002 444 3.323 0.007 76 8.011 0.004 382
1611+343 0.520 0.001 57 0.418 0.003 26 0.631 0.006 25 0.586 0.010 24
1622-297 4.057 0.153 1 0.887 0.002 190 1.669 0.005 182
1633+382 0.707 0.001 261 0.656 0.003 62 0.923 0.004 56 1.292 0.016 49
1730-130 0.595 0.004 4 1.331 0.002 242 3.102 0.004 213
1749+096 2.275 0.002 97 3.637 0.014 8
3C66A 9.323 0.001 498 12.355 0.007 245 18.191 0.010 238 24.548 0.015 252
3C84 38.261 0.023 14
3C111 11.031 0.081 1
3C273 40.046 0.005 214 40.485 0.007 310 54.576 0.109 15 96.516 0.252 16
3C279 1.801 0.001 164 2.721 0.002 416 3.693 0.011 37 8.811 0.005 362
3C345 1.008 0.001 296 1.312 0.003 67 2.249 0.004 64 3.372 0.009 63
3C446 0.236 0.002 8 0.378 0.005 53 0.192 0.014 2
3C454.3 5.153 0.002 448 4.053 0.002 574 2.924 0.006 141 9.302 0.003 506
BL Lacertae 22.879 0.003 750 54.424 0.046 62 80.764 0.078 58 98.857 0.184 59
CTA102 0.795 0.000 176 0.915 0.004 26 0.929 0.003 66 1.372 0.009 63
Mkn421 46.497 0.100 11
OJ287 7.363 0.001 460 13.000 0.003 407 19.070 0.030 62 35.398 0.007 341
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active period includes intervals when the flux is at either an active or a flaring level.
In this thesis, if an object is identified as being in a gamma-ray quiescent or active
state for a particular day, it must fall within a quiescent or active period. For the
other frequency bands, no minimum period is imposed.
4.2 Determining Gamma-Ray Quiescent and Active Periods
Identifying gamma-ray quiescent and active periods for each object was a two-
step process. The first step was to determine a preliminary state of the object during
each binned period. The flux from each binned record was compared to 〈Fγ〉. Using
the rules described in Section 4.1, the state of the object was tentatively determined
to be quiescent, transitory, active, or flaring.
To fully qualify individual records as quiescent, all records were re-examined
for uninterrupted periods of time when the state of the object was quiescent for the
required minimum of 21 consecutive days, including gaps with only upper limit values.
All binned records falling within these extended periods were considered to be in a
quiescent state. Similarly, the state records were examined for uninterrupted periods
of time when the state of the object was either active or flaring for the minimum
of 14 consecutive days. Gaps with only upper limit values would be considered an
interruption. All binned records falling within these extended periods were considered
to be in an active state.
As will be explained in Section 5, some active periods with many lower frequency
data were reevaluated using Fermi light curve data extracted with a variable photon
index. These data were examined as above to determine the state of the binned
records. Occasionally, when the flux was computed with the variable photon index,
a bin that was in an active state would be reclassified as in a transitory state, or one
in a flaring state would become one in an active state.
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Table 4.2 presents a summary of the gamma-ray periods of quiescence for each
object. The table separates the objects by subclass. Column 1 is the object name.
Column 2 is the number of quiescent periods identified for the object. Column 3 is
the total number of days the object was in a quiescent state. Note that this excludes
any days for which the object had a low flux value but for less than an uninterrupted
21-day period. Data listed in columns 4−6 refer to the longest uninterrupted period
of quiescence. Presented are the number of days in that period and the start and end
days of the period. Data listed in columns 7−9 refer to the lowest flux measured; the
flux, its uncertainty, and the central bin date are listed. Columns 10 and 11 present
the difference and uncertainty between 〈Fγ〉 and the minimum flux. Columns 11 and
12 present the ratio of the minimum flux over 〈Fγ〉 and the uncertainty.
Similarly, Table 4.3 presents a summary of the gamma-ray active periods for
each object. All active periods are based on the data computed using a fixed photon
index. Column 1 is the object name. Column 2 is the number of active periods
identified for the object. Column 3 is the number of active periods that have a flux
value considered to be in a flaring state. Column 4 is the total number of days
the object was in an active state. Data listed in columns 5−7 refer to the longest
uninterrupted active period. Presented are the number of days in that period and the
start and end days of the period. Data listed in columns 8−10 refer to the maximum
flux measured; the flux, its uncertainty, and the central bin date are listed. The
spectral index at the time of the measurement of maximum flux is presented in
column 11. If the maximum flux was computed using the fixed photon index in the
2FGL catalog, an “F” is inserted in column 12; otherwise, if the maximum flux was
computed using a variable photon index, a “V” is inserted in column 12 (see Section
5.3.2). Columns 13 and 14 present the difference and uncertainty between 〈Fγ〉 and
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the maximum flux. Columns 15 and 16 present the ratio of the maximum flux over
〈Fγ〉 and the uncertainty.
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Table 4.2. Gamma-Ray Periods of Quiescence
Number Total Longest Quiescent Period Overall Lowest Flux Measured
Object of Days Num Start End 〈Fγ 〉 - 〈Fmin〉 /
Name Periods in State Days Date Date 〈Fmin〉 1-σ Date 〈Fmin〉 1-σ 〈Fγ 〉 1-σ
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)
BL Lacs
0235+164 4 1253 1085 4958.52 6043.55 1.78E-11 5.61E-12 6019.05 1.88E-07 2.76E-09 9.46E-05 2.99E-05
0716+714 9 404 97 4810.50 4907.52 1.77E-11 1.39E-12 4870.00 2.17E-07 2.58E-09 8.15E-05 6.48E-06
0735+178 14 526 90 5413.55 5504.51 6.71E-09 1.80E-08 5536.01 6.41E-08 1.81E-08 9.48E-02 2.54E-01
0829+046 7 862 637 5504.51 6141.54 2.53E-12 3.73E-13 6060.54 6.41E-08 2.47E-09 3.95E-05 6.02E-06
0954+658 1 267 267 4684.50 4951.54 4.82E-12 2.21E-12 4906.06 6.86E-08 3.68E-09 7.03E-05 3.24E-05
1055+018 8 633 239 5022.54 5261.54 1.33E-11 4.11E-12 5928.03 1.17E-07 3.36E-09 1.14E-04 3.53E-05
1219+285 14 510 84 5749.53 5833.53 1.26E-11 2.57E-12 5648.03 6.02E-08 2.20E-09 2.09E-04 4.34E-05
1749+096 5 511 175 5194.16 5369.16 3.58E-12 1.39E-11 4763.66 8.38E-08 3.26E-09 4.26E-05 1.66E-04
3C66A 8 406 105 5945.55 6050.55 1.30E-08 1.46E-08 5858.05 1.12E-07 1.47E-08 1.04E-01 1.17E-01
BL Lacertae 13 702 161 5439.16 5600.16 1.45E-11 4.47E-11 6208.66 2.40E-07 3.42E-09 6.01E-05 1.86E-04
Mkn421 9 356 84 4858.16 4942.16 5.36E-08 1.88E-08 5732.03 1.25E-07 1.89E-08 3.00E-01 1.05E-01
OJ287 13 855 281 4817.50 5098.54 9.61E-12 1.27E-12 5389.02 1.05E-07 3.24E-09 9.17E-05 1.24E-05
FSRQs
0336-019 3 617 491 4691.50 5182.51 3.95E-12 2.67E-11 5130.01 1.23E-07 4.11E-09 3.22E-05 2.18E-04
0420-014 9 694 420 5294.54 5714.55 5.09E-12 1.06E-12 5389.05 1.33E-07 3.46E-09 3.82E-05 7.98E-06
0528+134 2 665 427 4894.50 5321.50 9.84E-12 6.33E-12 5311.00 1.10E-07 5.95E-09 8.93E-05 5.77E-05
0827+243 3 1301 780 4684.50 5464.50 2.91E-10 4.63E-09 5718.03 1.50E-07 6.65E-09 1.93E-03 3.07E-02
0836+710 5 770 356 4958.54 5315.52 1.61E-12 1.65E-12 5207.01 1.58E-07 4.99E-09 1.01E-05 1.04E-05
1127-145 1 1042 1042 5035.54 6078.53 1.84E-12 5.75E-12 6061.03 1.03E-07 4.47E-09 1.79E-05 5.61E-05
1156+295 15 637 135 4949.16 5084.54 3.00E-10 4.67E-09 5725.03 1.43E-07 5.52E-09 2.10E-03 3.26E-02
1222+216 11 673 239 4698.50 4937.52 9.84E-12 2.23E-13 4772.00 2.02E-07 3.00E-09 4.86E-05 1.32E-06
1308+326 9 702 252 5518.51 5770.53 2.21E-12 2.64E-11 6201.03 7.03E-08 2.36E-09 3.14E-05 3.75E-04
1406-076 2 147 112 5245.51 5357.51 4.96E-12 6.93E-11 5340.01 8.50E-08 4.06E-09 5.84E-05 8.16E-04
1510-089 15 727 112 6050.53 6162.53 1.14E-07 8.17E-08 5648.03 4.97E-07 8.18E-08 1.87E-01 1.34E-01
1611+343 2 532 385 5238.51 5623.53 1.67E-12 1.77E-13 5298.01 4.13E-08 2.98E-09 4.05E-05 5.19E-06
1622-297 3 281 221 4863.16 5084.54 1.08E-12 1.60E-12 5032.04 8.63E-08 5.57E-09 1.25E-05 1.85E-05
1633+382 8 728 238 5860.50 6098.50 1.81E-08 3.04E-08 5514.00 2.26E-07 3.05E-08 7.42E-02 1.24E-01
1730-130 5 704 377 5771.55 6148.55 1.35E-11 9.00E-12 6089.05 1.82E-07 4.94E-09 7.39E-05 4.94E-05
3C273 10 743 378 5669.50 6047.50 5.14E-11 6.14E-12 5736.00 3.14E-07 4.75E-09 1.64E-04 1.97E-05
3C279 7 643 350 5845.00 6195.00 2.90E-08 3.05E-08 5326.02 3.14E-07 3.08E-08 8.45E-02 8.91E-02
3C345 4 693 357 5791.53 6148.53 1.94E-12 7.21E-13 5753.03 1.26E-07 5.58E-09 1.54E-05 5.78E-06
3C446 5 448 165 6084.16 6249.16 3.89E-12 1.83E-11 5994.16 7.87E-08 4.16E-09 4.94E-05 2.32E-04
3C454.3 3 614 477 5708.16 6185.16 8.57E-11 3.91E-11 6027.66 7.79E-07 5.80E-09 1.10E-04 5.02E-05
CTA102 12 1010 490 4963.16 5453.16 1.17E-12 9.40E-12 5190.66 2.05E-07 3.94E-09 5.72E-06 4.59E-05
Radio Galaxies
3C111 1 1289 1289 4684.50 5973.55 2.68E-08 7.58E-09 5232.00 6.03E-08 9.82E-09 3.07E-01 8.98E-02
3C84 9 490 98 4781.16 4879.16 8.42E-12 1.04E-11 4812.66 1.86E-07 2.69E-09 4.53E-05 5.61E-05
Note. — All flux values are in photon cm−2s−1. Time has not been adjusted for redshift.
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Table 4.3. Gamma-Ray Active Periods
Number Total Longest Active Period Overall Highest Flux Measured Spec-
Object of Number Days Num Start End tral 〈Fmax〉 - 〈Fmax〉 /
Name Periods Flaring in State Days Date Date 〈Fmax〉 1-σ Date Index Source 〈Fγ 〉 1-σ 〈Fγ 〉 1-σ
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16)
BL Lacs
0235+164 4 4 196 98 4684.50 4782.50 1.22E-06 3.46E-08 4730.00 -1.02 F 1.03E-06 3.47E-08 6.5 0.2
0716+714 16 16 456 114 5975.50 6089.50 1.18E-06 1.08E-07 5857.00 -1.01 F 9.63E-07 1.08E-07 5.4 0.5
0735+178 11 6 238 84 6085.55 6169.55 2.50E-07 4.44E-08 6138.05 -1.05 F 1.79E-07 4.44E-08 3.5 0.6
0829+046 9 7 231 49 5231.51 5280.51 4.20E-07 6.10E-08 5130.04 -1.05 F 3.56E-07 6.11E-08 6.6 1.0
0954+658 4 3 77 28 5658.53 5686.53 2.82E-07 1.04E-07 5641.03 -1.30 V 2.13E-07 1.04E-07 4.1 1.5
1055+018 11 6 357 98 5672.53 5770.53 4.69E-07 1.29E-07 5648.03 -1.22 F 3.52E-07 1.29E-07 4.0 1.1
1219+285 8 4 161 42 4858.16 4900.16 1.88E-07 4.08E-08 4686.66 -1.02 F 1.28E-07 4.09E-08 3.1 0.7
1749+096 7 7 133 35 4683.16 4718.16 3.79E-07 5.41E-08 4686.66 -1.10 F 2.96E-07 5.42E-08 4.5 0.7
3C66A 21 17 651 84 4909.52 4993.52 7.43E-07 6.54E-08 4969.02 -0.85 F 6.18E-07 6.55E-08 6.0 0.5
BL Lac 12 10 537 209 5824.16 6033.16 1.37E-06 1.39E-07 6163.66 -1.11 F 1.13E-06 1.39E-07 5.7 0.6
Mkn421 18 16 574 133 6064.53 6197.53 8.45E-07 6.53E-08 6124.03 -0.75 V 6.66E-07 6.53E-08 4.7 0.4
OJ287 6 6 259 98 5805.54 5903.54 7.81E-07 8.21E-08 5872.04 -1.23 F 6.76E-07 8.21E-08 7.5 0.8
FSRQs
0336-019 8 6 259 70 5828.14 5898.14 4.37E-07 6.96E-08 5550.00 -1.48 F 3.14E-07 6.97E-08 3.6 0.6
0420-014 12 8 343 63 5910.55 5973.55 4.92E-07 5.70E-08 5221.01 -1.30 F 3.59E-07 5.71E-08 3.7 0.4
0528+134 5 4 84 21 5671.50 5692.50 4.68E-07 6.23E-08 4723.00 -1.22 F 3.57E-07 6.25E-08 4.2 0.6
0827+243 2 2 168 154 6176.54 6330.54 7.11E-07 8.34E-08 6285.04 -1.30 V 5.60E-07 8.35E-08 4.7 0.6
0836+710 6 6 182 42 5894.01 5936.01 1.61E-06 1.32E-07 5870.05 -1.61 V 1.45E-06 1.32E-07 10.2 0.9
1127-145 7 5 147 42 4802.16 4844.16 2.99E-07 5.90E-08 4777.66 -1.61 V 1.97E-07 5.92E-08 2.9 0.6
1156+295 11 8 399 189 5406.51 5595.51 1.04E-06 7.42E-08 5431.01 -1.29 F 9.00E-07 7.43E-08 7.3 0.5
1222+216 9 9 630 112 5231.54 5343.54 6.13E-06 1.65E-07 5368.05 -1.12 F 5.93E-06 1.65E-07 30.3 0.9
1308+326 7 6 210 63 4683.16 4746.16 3.59E-07 4.16E-08 4714.66 -1.10 F 2.88E-07 4.16E-08 5.1 0.6
1406-076 5 2 70 14 4802.16 4816.16 2.08E-07 5.85E-08 5424.01 -1.43 F 1.23E-07 5.86E-08 2.5 0.7
1510-089 13 12 546 91 4951.54 5042.54 6.37E-06 2.01E-07 5872.03 -1.29 F 5.76E-06 2.01E-07 10.4 0.3
1611+343 0
1622-297 5 1 70 14 5084.54 5098.54 2.39E-07 7.62E-08 5368.01 -1.34 F 1.52E-07 7.64E-08 2.8 0.9
1633+382 10 10 588 105 5678.50 5783.50 1.50E-06 1.08E-07 6193.00 -1.25 F 1.26E-06 1.08E-07 6.2 0.4
1730-130 5 4 161 56 5567.49 5623.49 1.09E-06 8.37E-08 5501.00 -1.24 F 9.05E-07 8.38E-08 6.0 0.5
3C273 9 9 462 252 5042.50 5294.50 4.57E-06 1.75E-07 5095.00 -1.45 F 4.26E-06 1.75E-07 14.6 0.6
3C279 16 16 588 77 5651.53 5728.53 1.99E-06 7.79E-08 4800.00 -1.22 F 1.64E-06 7.80E-08 5.8 0.2
3C345 4 3 112 42 4951.54 4993.54 4.45E-07 8.21E-08 4976.04 -1.49 F 3.19E-07 8.22E-08 3.5 0.7
3C446 2 0 42 28 4963.16 4991.16 1.70E-07 5.05E-08 4889.66 -1.44 F 9.14E-08 5.06E-08 2.2 0.7
3C454.3 6 6 689 325 5052.16 5377.16 4.16E-05 4.86E-07 5522.04 -1.26 V 4.08E-05 4.86E-07 53.4 0.7
CTA102 8 7 367 150 6178.53 6328.53 6.98E-06 3.91E-07 6195.03 -1.33 F 6.78E-06 3.91E-07 34.0 2.0
Radio Galaxies
3C111 0
3C84 19 16 672 126 5355.16 5481.16 5.79E-07 5.30E-08 5393.66 -1.00 F 3.93E-07 5.31E-08 3.1 0.3
Note. — All flux values are in photon cm−2s−1. Time has not been adjusted for redshift.
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4.3 Analysis
To identify trends based on the class of objects, I generated a series of plots using
the values in Tables 4.2 and 4.3. Histograms of the number of periods in each source
are presented in Figure 4.1. Figure 4.1a displays the number of quiescent periods;
Figure 4.1b the number of active periods; and Figure 4.1c the total number of active
and quiescent periods. Both BL Lacs and flat spectrum radio quasars (FSRQs) have
approximate 50% active periods (54.7% and 52.8%, respectively), but BL Lacs have
a higher average number of periods (19.3) than FSRQs (13.5).
Histograms of the total number of days in the quiescent or active periods are
displayed in Figure 4.2. These numbers are the total number of days for all quiescent
periods or all active periods per source, adjusted for redshift. It is a measure of
how much time a source spends in a particular state. The average FSRQ was in an
active state 32% of the time (167 days) compared to 36% of the time (251 days) for
BL Lacs. However, the average number of days per active period are similar across
subclasses (∼ 23.5). The radio galaxy with the long quiescent period (1229 days) is
3C111.
Histograms of the longest uninterrupted quiescent and active periods for each
of the sources are displayed in Figure 4.3. Time has been adjusted for redshift. Each
subclass had an average of ∼ 191 days in the longest uninterrupted quiescent period,
but the average BL Lac had a longer uninterrupted active period than FSRQs: 70
days to 53 days. The radio galaxy with the extraordinarily long quiescent period is
3C111.
Table 4.4 summarizes these data for the “average” BL Lac, FSRQ, and radio
galaxy. The first section summarizes data for the average number of periods. The
second section is for the average number of days in the periods. The last section
summarizes the longest uninterrupted periods. The radio galaxy data is for only two
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Fig. 4.1: Histogram of the number of periods that sources were in a quiescent or
active state: (a) displays quiescent periods.; (b) displays active periods; and, (c)
displays total periods.
objects. In this table, time has not been adjusted for redshift. The BL Lacs tend to
fluctuate between states more frequently than the FSRQs, averaging 1.4× as many
periods. Some caution may need to be applied to these results, as objects exhibiting
the strongest flares tend to have a larger number of periods.
The maximum flux achieved by each object is displayed in Figure 4.4. The
objects are plotted by redshift. Each data point is identified with a number that
corresponds to the object reference number (see Table 3.1). The object with the
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Fig. 4.2: Histogram of the total number of days in (a) quiescent or (b) active period,
adjusted for redshift. On average, BL Lacs are in an active state for more days than
FSRQs, but the average number of days per active period are similar.
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Fig. 4.3: Histogram of the total number of days in the longest stretch of uninter-
rupted time that sources were in a (a) quiescent or (b) active period, adjusted for
redshift. Each subclass had an average of ∼ 191 days in the longest uninterrupted
quiescent period.
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Table 4.4. Characteristic Period Data for the Average Source
The Average The Average The Average
BL Lac FSRQ Radio Galaxy
(1) (2) (3) (4)
Average Number of Periods
Active 10.6 7.1 9.5
Quiescent 8.8 6.4 5.0
Total 19.3 13.5 14.5
% Active 54.7 52.8 65.5
Average Number of Days Per Period
Active 23.8 23.4 34.8
Quiescent 51.2 56.7 171.1
Average Number Days in Longest Uninterrupted Period
Active 69.5 52.9 61.9
Quiescent 190.9 191.6 662.8
extraordinarily high flux is 3C454.3 (object # 31). The most striking feature in this
plot is that the objects with the largest maximum flux are all FSRQs.
Lastly, the maximum flux achieved by each object was normalized by its mean
〈Fγ〉. The results are displayed in Figure 4.5. With the exception of the four brightest
FSRQs, the normalized maximum flux remains relatively stable with redshift. The
average normalized maximum flux for BL Lacs is 5.1 and is 10.7 for FSRQs.
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Fig. 4.4: Plot of the maximum flux achieved by each source. Values are listed in
Table 4.3. The labels refer to the object reference number (see Table 3.1). The
highest flux is from 3C454.3.
0.0 0.5 1.0 1.5 2.0 2.5
Redshift (z)
0.0
0.5
1.0
1.5
2.0
LO
G
10
(M
ax
 Fl
ux
 / <
F γ>
)
 1
 2 3
 4
 5
 6
 7
 8
 9
 10
 11
 12
 13
 14
 15
 16
 17
 18
 20
 21
 22
 23
 24
 25
 27
 28
 29
 30
 31
 32
 33
 34
 35
BL Lac
FSRQ
Radio
Fig. 4.5: Plot of the maximum flux achieved by each object normalized by the mean
flux 〈Fγ〉. Values are listed in Table 4.3. The labels refer to the object reference
number (see Table 3.1). The highest normalized fluxes are 3C454.3 (#31), CTA102
(#33), 1222+216 (#15), 3C273 (#27), 1510-089 (#18), and 0836+710 (#9).
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4.4 Technical Notes
The following IDL programs were written by me to perform the statistical
analysis described above. The mean flux level 〈Fb〉 is computed in the program
find states.pro. The program input includes the data from the full Fermi file
(with fixed photon index), the Swift X-ray data file, and the combined UV-optical-IR
data file for each object. For each wavelength band, a weighted mean flux is com-
puted. The program outputs the file states.dat, reproduced in Table 4.1. The
procedure flux state.pro is called whenever the state of an object in any fre-
quency band needs to be determined or the value of 〈Fb〉 is required. For the purpose
of displaying the light curves with magnitude data rather than flux data for the longer
wavebands, the companion program find states mag.pro, repeats the process
using magnitude data rather than flux data. It generates the file states mag.dat
for use in the lightcurve program. The companion program flux states mag.pro
is the interface program to retrieve the state data.
Quiescent and active periods are determined in fermiperiods.pro. The
program produces the data file state.dat for each object. This file has one record
for each 24-hour subset of a Fermi bin. Each record has the RJD matching the
Fermi record, the start and end date/time of the set of observations, an indicator
if this 24-hour period can generate an SED (= 1) or be used in an optical-gamma
analysis (= 2), the state of each frequency band, and the RJD of the X-ray observa-
tion. fermiperiods.pro also generates the file fermi counts.dat. This file
contains records that match state.dat, but instead of the states of the frequency
bands, this file contains a count of the number of observations obtained that day by
each observatory1.
1The reason why these two files are not combined into one was to make creating tables for this
thesis simpler
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The program fermiperiods.pro generates a third file:
fermiperiods.dat, which lists the start and end RJD of each quiescent and
each active period (see Section 4.1), the maximum point below (for quiescent) and
above (for active) the mean 〈Fγ〉, and the value and uncertainty of that difference.
The default Fermi file used by fermiperiods.pro is the full file (created
with a fixed photon index). The program can be run using the variable index file
to compute the values for the active data sets by passing a switch (a = 1). The
program generates two files: fermiperiodsa.dat and statea.dat. The lat-
ter file can be used to select a new set of data. The maximum data points from
fermiperiodsa.dat are reported in Table 4.3. The file also can be used as input
to lightcurve.pro, thereby plotting the flux values computed with a variable
photon index.
The two files fermiperiods.dat and fermiperiodsa.dat are collected
for all objects and read by tablefermiperiods.pro to generate the data re-
ported in Tables 4.2 and 4.3.
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Chapter 5
Spectral Index Data
5.1 Composition of Data per Epoch
The Boston University Blazar team’s long-term monitoring campaign has re-
sulted in thousands of observations that could be selected for study in a multitude
of combinations. However, a statistical study of the spectral indices requires a well-
sampled, representative selection of data. I establish minimum requirements for
epochs of data to be included in the blazar spectral index study.
Activity state of the source: A purpose of this thesis is to study relationships
between the quiescent and active states of blazars; therefore, the sample needs to
include epochs in both states.
Number of epochs per source: Many objects have multiple states that can
be classified as quiescent or as active (Table 5.1). In order not to skew the analysis
towards any particular object, up to four epochs per object were selected for analysis,
as many as two while the object was within a gamma-ray quiescent period and two
while in a gamma-ray active period. Fewer than four epochs were used for seven
sources, sometimes because they are weak in gamma rays, sometimes because of
insufficient optical-UV data, and sometimes just due to bad luck in the timing of
observations across bands.
Specific wavebands required: An ideal epoch would include a sufficient num-
ber of observations to construct a complete spectral energy distribution (SED) and
compute spectral indices for the gamma-ray, X-ray, and UV−optical−NIR regions;
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i.e., the data set would include a gamma-ray flux value, an X-ray observation, and
at least three observations in the UV−optical−NIR. Even without an X-ray ob-
servation, epochs still could be included in the important gamma−optical analy-
sis if they included a gamma ray flux value and at least three observations in the
UV−optical−NIR. Such epochs were considered “acceptable.”
Timing of Observations: A goal of the long-term monitoring campaign is to
achieve sufficient observations to have near-simultaneous sets of data. I required
each set of near-IR through X-ray observations for an epoch to be obtained within a
24-hour period. Epochs were carefully selected to include a minimum separation of
time between observations.
Variety of UV−optical−NIR wavebands: Preference was given to observations
that included a wide range of wavebands from ultraviolet to infrared. Occasionally,
this could be accomplished only by selecting the two epochs within an activity state
such that together they provided a wide range of wavebands.
Variety of observatories: If possible, a preference was given to epochs containing
observations obtained from the most number of observatories to mitigate potential
bias introduced from a single observatory. Occasionally, some epochs contained ob-
servations from a single observatory; in these cases, a strong preference was given to
selecting the second epoch such that it contained observations from other observato-
ries.
5.2 Selection of Epochs Included in this Study
The selection of epochs included in the spectral index study was a multi-step
process for each object. Owing to the sheer magnitude of data available and the
multiple constraints on the desired composition of epochs, I developed software tools
to aid in the selection process. However, the human brain is adept at analyzing
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multiple scenarios, so visual inspection of potential epochs was employed in the final
determination.
The first step towards selection required separating the binned Fermi light curve
data into 24-hour segments to establish a base for matching data from other obser-
vatories. Although these 24-hour time slots were not always the final time periods
used in the analysis, they formed a starting point for finding near-simultaneous sets
of observations. I began by determining the bin size for the Fermi light curve data.
Because the bin size could change within a file, the bin size was dynamically com-
puted for each record usually based on the interval between it and the next record.
Once the bin size was determined, records with only upper limits were eliminated.
Each remaining bin record was broken into 24-hour periods centered on the date/time
of the initial binned record.
The next step was to match the data from all remaining observatories (see
Table 2.1) with the gamma-ray data based on date and time of observation. Once
matched, I recorded the state of the object in each frequency band for each date,
using a weighted mean value if multiple observations were obtained within a frequency
band. Additionally, a count of the number of observations for each date from each
source was recorded.
With the initial inventory of potential epochs complete, each epoch was exam-
ined to see if it had the right combination of observations to generate either a com-
plete SED or a gamma-optical spectral index relation. These epochs were marked as
potential epochs for inclusion in the study. Table 5.1 lists the number of these poten-
tial epochs by source. Column 1 is the object name. Columns 2−4 list the number
of epochs that could generate a complete SED: column 2 is the count for quiescent
states; column 3, active states; and column 4, flaring states. Similarly, columns 5−7
list the number of epochs that could generate points for an optical-gamma spectral
68
index study, excluding the epochs counted in columns 2−4. A total of 3,976 epochs
are available, 22% of which could generate a complete SED. 62% are epochs when
the source was in an active or flaring state.
The counts in Table 5.1 represent an initial set of potential epochs for analysis.
Several epochs did not yield reasonable linear fits due to a dearth of data points once
curvature or values far removed from a linear fit were eliminated. Additionally, the
original set of dates was generated based on breaking the Fermi binned light curve
data into fixed 24-hour periods centered on the date and time of the binned record;
however, these 24-hour periods were not always the optimal 24-hour periods for a
set of observations. The next step required visually inspecting the potential data
sets for improved 24-hour periods. By adjusting the start time of a 24-hour period,
it was sometimes possible to include additional observations or a set of observations
obtained within a tighter time period. Care had to be taken, however, not to allow
a set of observations to overlap two Fermi binned periods.
I aimed for the two quiescent epochs to be from different stretches of low flux
values. This was easiest to visualize by plotting potential epochs against the light
curves for each source. Given a choice, I tried to select one epoch that was in
a quiescent state at all frequency bands and another that was active in the UV-
optical-NIR bands. The two active epochs were selected similarly, with at least one
of the epochs at or near the time of peak flux of a flaring or a highly active period. I
tried to select epochs such that a complete SED could be generated for at least one
active and one quiescent epoch.
Several objects lacked sufficient gamma-ray quiescent data points when the
fluxes were calculated with seven-day binning intervals due to gaps in the Fermi
data during epochs of upper limits. When a blazar is in a quiescent state, extract-
ing the light curve data with a longer bin size should not seriously affect the SED.
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Table 5.1. Counts of Initial Potential Epochs for Inclusion in Study
Object Complete SED Only Optical-Gamma
Name Quiescent Active Flaring Quiescent Active Flaring
(1) (2) (3) (4) (5) (6) (7)
0235+164 4 3 13 56 9 87
0336−019 1 1 4 8 3
0420−014 3 26 7 22
0528+134 1 22 1 4
0716+714 14 2 17 69 28 168
0735+178 2 1 11 6 4
0827+243 14 2 9 28 14
0829+046 2 4 3 1
0836+710 1 1 5 3 4 11
0954+658 5 9 17
1055+018 2 1 1 3 1
1127−145 2
1156+295 2 2 3 24 16 9
1219+285 9 5 3 7 3 1
1222+216 4 14 8 2 13
1308+326 1
1406−076 1 7 2 1
1510−089 18 9 80 142 27 158
1611+343 1 7
1622−297 2 5 1 16 14 1
1633+382 16 2 23 39 14 103
1730−130 1 2 13 10 8
1749+096 1 4 20 8 3
3C66A 3 3 5 112 55 98
3C84 10 4 1 8
3C111 4
3C273 12 10 12 78 26 75
3C279 50 7 40 163 21 88
3C345 4 3 37 10 12
3C446 2 4
3C454.3 7 2 169 30 4 236
BL Lacertae 31 3 30 124 30 156
CTA102 14 14 30 15 56
Mkn421 45 31 33 19 40 34
OJ287 27 1 7 99 36 71
Total 296 96 498 1214 409 1463
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I examined the light curves and the complete inventory of data points to identify
stretches of time with these gaps. If, during these gaps, sufficient data from other
observatories existed that could yield acceptable epochs, Dr. Jorstad re-extracted
the Fermi data for these time periods using longer time bins. I inserted the data
into the Fermi data file and repeated the above process.
Occasionally, even 30- or 60-day binning was insufficient to generate anything
but upper limits. For the objects 0528+134, 1127−145, 1308+326, and 1611+343,
I computed a value using data in the 2FGL catalog. The fluxes in this catalog are
computed over a 2-year integration. For these weak sources, these fluxes are heavily
biased towards quiescent values. I summed the integral photon flux fields from 100
MeV to 100 GeV. The uncertainties were added in quadrature. If the uncertainty
was listed as 0.0 in the catalog, the source was not significantly detected in that
band, and I did not include the flux in the sum. Table 5.2 lists the values used in
these computations and the results. In the case of 1127−145, the computed values
fell into the transitory state for the object and were, therefore, of no use for this
study. The selection of epochs required visual inspection of the complete inventory
data file (rather than the subset based on Fermi data described above), to search for
24-hour periods with a sufficient range of observations. The light curves of potential
epochs were examined to ensure that they fall in truly quiescent periods.
The last step required testing each epoch’s measurements to see if a good op-
tical spectral index could be achieved (see Section 5.3.1). I attempted to include
only points with a standard deviation of the data below 0.1, but a few exceptions
were included if they visually appeared to provide a reasonable fit and no better
epoch was available. Seven objects had fewer than two quiescent and/or two active
epochs selected for the study. Additionally, preliminary SEDs revealed two objects,
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0836+710 and 0954+658, having high uncertainties in the Fermi data. These objects
required a second review for a better selection.
The selected epochs for each object are identified on the light curve plots (B.1−
B.35, panels (a)) as vertical, dashed lines. Each epoch is identified with a number
and a color. The symbols indicate the observatory obtaining the data (Table B.1).
Quiescent epochs are colored blue and green, active epochs yellow and red. The data
for each epoch are listed in Table 5.3. Column 1 is the object name. Column 2 is the
identifying epoch number (corresponding to the number displayed on the light curve
plot). Column 3 is the date/time of the earliest IR - X-ray observation, and column
4 is the elapsed time between the earliest and the latest observations for this epoch.
Column 5 is the date of the center of the Fermi binned record, and column 6 is the
bin size for that record. Columns 8-20 indicate the activity state of the source object
during that epoch: “Q” is quiescent, “A” is active, and “F” is flaring. If there were
multiple observations at a particular waveband, the activity state was determined
based on the weighted mean of the observations.
A total of 124 epochs were selected, 46% when sources were in an active state.
Seven objects had fewer than four epochs due to a paucity of observations. The
average elapsed time for data obtained within epochs was 9.1 hours. The average
number of epochs used to determine the optical spectral index was 7.9.
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Table 5.2. Computed Flux Values for Sources Extremely Faint in Gamma-Ray
Emission
0528+134 1127−145 1308+326 1611+343
Flux Integral Integral Integral Integral
Range Photon Flux 1σ error Photon Flux 1σ error Photon Flux 1σ error Photon Flux 1σ error
(1) (2) (3) (4) (5) (6) (7) (8) (9)
100 − 300 MeV 7.306436E-008 6.521911E-009 8.195045E-008 5.566483E-009 5.559544E-008 4.363705E-009 1.295919E-008 4.053478E-009
300 MeV − 1 GeV 1.648893E-008 1.494540E-009 1.186877E-008 9.947297E-010 1.814971E-008 9.521600E-010 2.377918E-009 0.00
1 − 3 GeV 2.297253E-009 3.449042E-010 1.639835E-009 2.303069E-010 4.222217E-009 2.991999E-010 5.228354E-010 1.361957E-010
3 − 10 GeV 2.561458E-010 9.585796E-011 2.108793E-010 0.00 9.932338E-010 1.306599E-010 1.142306E-010 0.00
10 - 100 GeV 7.055990E-011 0.00 9.186566E-011 0.00 1.287710E-010 4.566038E-011 1.007918E-010 0.00
Totala 9.217725E-008 6.700531E-009 9.545906E-008 5.659352E-009 7.908937E-008 4.478527E-009 1.348203E-008 4.189674E-009
aIf the 1σ error is zero, the flux is a 2σ upper limit and is not included in the total.
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Table 5.3: Epochs Selected For Study
Object Epoch Start Elapsed Fermi Bin Activity State of Frequency Band
Name Number Date Time Bin Size G X W2 M2 W1 U B V R I J H K
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19)
0235+164 1 5087.774 0.0522 5087.996 7.0 Q T Q F F F T Q
2 5128.683 0.1923 5130.009 7.0 Q Q Q Q Q Q Q
3 4729.762 0.3930 4731.000 3.0 F A F F F F F F F F
4 4790.055 0.3701 4791.000 3.0 F A F F F F F F F F F
0336-019 1 4734.525 0.0110 4714.500 5.5 Q Q Q Q
2 4917.231 0.1087 4894.500 60.0 Q T Q Q Q Q Q Q
3 5832.461 0.4656 5831.644 7.0 A F F F F
4 5858.888 0.0162 5859.644 7.0 F F F F F
0420-014 1 5124.447 0.4691 5123.009 7.0 Q F F F Q
2 5508.897 0.9638 5512.509 32.5 Q Q Q Q Q Q Q Q Q
3 5217.245 0.0822 5214.009 7.0 F F F F F
4 5879.530 0.0084 5879.048 7.0 F F F F
0528+134 1 5120.762 0.2008 5122.000 7.0 Q Q Q Q F Q
3 5825.600 0.4072 5823.048 7.0 A F F F F
0716+714 1 4882.182 0.3706 4882.000 3.0 Q Q Q Q Q Q F Q
2 5587.747 0.6308 5588.000 3.0 Q Q Q Q Q Q Q Q Q Q
3 5859.502 0.5293 5860.000 3.0 F F F F F F F F F F F
4 6011.639 0.6214 6013.000 3.0 F F F F F F F F F F
0735+178 1 5503.001 0.6276 5501.009 7.0 Q Q Q Q Q Q Q Q T T T
2 6011.277 0.3466 6012.048 7.0 Q F F F
3 5130.951 0.0561 5130.013 7.0 F F Q F Q
4 6070.398 0.2440 6068.048 7.0 F F F F F F F F F
0827+243 1 4767.528 0.5009 4759.500 30.0 Q Q Q Q
2 5503.630 0.3654 5509.500 30.0 Q F Q T Q Q Q F F F F
3 6198.701 0.5846 6201.041 7.0 F F F F F F F F
4 6269.713 0.1561 6271.041 7.0 F F F A F F F
0829+046 1 5663.736 0.0064 5655.510 30.0 Q F Q Q Q
2 6089.713 0.0097 6090.541 30.0 Q A T T Q
3 5279.664 0.6927 5277.044 7.0 A F F F
4 5234.339 0.0204 5235.044 7.0 F F F F F
0836+710 1 5624.396 0.0240 5627.028 14.0 Q T F F
2 6020.937 0.0111 6023.506 7.0 Q A T T A F F Q
3 5869.336 0.3476 5870.047 7.0 F T T Q Q Q
4 5923.485 0.7306 5926.047 7.0 F F T T A A F T F
0954+658 1 4766.685 0.9183 4774.500 60.0 Q Q Q Q Q Q Q
2 4781.697 0.0055 4774.500 60.0 Q Q Q Q
3 5636.232 0.3839 5634.028 7.0 A F F F
4 5667.827 0.5390 5669.028 7.0 F F F F F
1055+018 1 6046.729 0.0221 6047.028 7.0 Q Q Q Q Q
2 5305.329 0.5706 5306.542 30.0 Q Q Q Q Q Q F Q Q
3 5664.801 0.0067 5662.010 7.0 F F F F F
4 5709.314 0.0409 5711.010 7.0 A A F A F F F F
1127-145 1 5193.997 0.2140 5184.542 30.0 Q T Q Q Q Q Q Q
Continued on Next Page. . .
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Table 5.3 – Continued
Object Epoch Start Elapsed Fermi Bin Activity State of Frequency Band
Name Number Date Time Bin Size G X W2 M2 W1 U B V R I J H K
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19)
2 5926.442 0.3530 5933.528 30.0 Q Q Q Q Q Q Q Q
1156+295 1 5674.348 0.0302 5676.028 7.0 Q Q Q Q Q
2 6038.659 0.7854 6040.028 7.0 Q A T F F F F
3 5344.571 0.4103 5347.011 7.0 F T Q Q Q Q
4 6104.893 0.0107 6103.028 7.0 F A F F F F F F
1219+285 1 5315.347 0.0773 5312.011 7.0 Q Q Q Q Q Q Q Q Q Q Q Q
2 5988.436 0.1507 5991.028 7.0 Q Q Q Q Q Q Q Q Q
3 4877.816 0.0102 4875.655 7.0 F F F F F F F F
4 5286.503 0.0087 5276.511 7.0 A A Q Q Q Q Q Q
1222+216 1 5672.522 0.3452 5675.992 7.0 Q A Q Q Q Q Q Q Q
2 6025.625 0.0111 6026.048 7.0 Q Q Q Q Q Q Q Q
3 5317.278 0.1608 5319.009 7.0 F T F F
4 5369.145 0.2228 5368.009 7.0 F T F F F F F F F
1308+326 1 5302.082 0.3862 5305.011 7.0 Q T Q Q
1406-076 1 5294.737 0.0071 5298.011 7.0 Q A Q F Q
2 5354.102 0.6460 5354.011 7.0 Q T T T T A Q F F
1510-089 1 5714.774 0.7544 5718.028 7.0 Q Q Q Q Q Q Q Q Q
2 6064.552 0.9233 6068.028 7.0 Q A Q A F Q Q F Q F
3 4918.487 0.4762 4917.655 7.0 F A F F F F F F F F F
4 5747.276 0.0930 5746.028 7.0 F Q Q Q Q Q Q Q F
1611+343 1 5252.722 0.3413 5256.011 7.0 Q T T T T Q Q F
2 5832.201 0.4191 5830.028 7.0 Q Q A F Q
1622-297 1 4745.490 0.0050 4758.155 30.0 Q Q Q F Q Q
2 4953.276 0.4371 4968.155 30.0 Q Q F Q F Q F Q F Q Q
3 5088.518 0.0048 5088.042 7.0 A F Q F A F
4 5295.473 0.2510 5298.011 7.0 A A A T Q F A Q F Q Q
1633+382 1 5400.397 0.7620 5402.000 7.0 Q T Q Q Q Q Q Q Q Q Q
2 6135.430 0.9110 6137.000 7.0 Q T Q Q Q Q Q F Q Q
3 5744.449 0.3873 5745.000 7.0 F F A A F F F F F F
4 5034.519 0.2121 5038.000 7.0 F A A A F F F F F
1730-130 1 4980.711 0.1555 4983.022 7.0 Q Q F Q Q Q
2 5376.704 0.0048 5375.046 7.0 Q F Q Q F F
3 5433.603 0.7344 5431.046 7.0 F F F F
4 5494.502 0.0021 5494.046 7.0 F F F F
1749+096 1 6070.825 0.0923 6072.155 30.0 Q F F
2 6135.326 0.1252 6132.155 30.0 Q Q Q F F
3 5427.240 0.1853 5428.655 7.0 F A Q Q Q F F
4 5502.790 0.8029 5505.655 7.0 A F Q Q Q Q Q Q F
3C111 1 4788.849 0.2008 4867.000 365.0 Q A F Q Q Q
3C273 1 5295.660 0.8955 5298.000 7.0 Q F Q Q Q Q Q
2 6045.359 0.4907 6044.000 7.0 Q F F F Q Q Q Q
3 4962.637 0.6833 4961.000 7.0 F F F Q Q Q Q
4 5272.526 0.4593 5276.000 7.0 F F F Q Q Q F
3C279 1 4966.580 0.9395 4969.042 7.0 Q Q Q Q Q Q Q Q Q Q Q
2 6011.463 0.3976 6009.504 7.0 Q A Q Q Q Q F Q F
Continued on Next Page. . .
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Table 5.3 – Continued
Object Epoch Start Elapsed Fermi Bin Activity State of Frequency Band
Name Number Date Time Bin Size G X W2 M2 W1 U B V R I J H K
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19)
3 4898.744 0.7982 4899.057 7.0 F Q Q Q Q Q Q Q F F F F
4 5665.659 0.6001 5669.028 7.0 F F Q Q Q Q F Q F F F F
3C345 1 5826.277 0.4196 5820.528 18.5 Q Q Q Q Q
2 6036.932 0.5871 6044.528 44.0 Q Q Q Q Q
3 5067.109 0.2690 5067.042 7.0 F T Q Q Q Q Q F F F
4 5110.554 0.6685 5109.042 7.0 A Q T T F F F F F F
3C446 1 5341.606 0.0727 5351.155 30.0 Q A T Q F A
2 5825.797 0.7753 5817.155 30.0 Q F F F A
3C454.3 1 5729.702 0.8401 5729.655 1.0 Q Q
2 6180.576 0.8355 6181.655 7.0 Q Q Q Q Q Q Q Q
3 5167.194 0.3401 5165.042 7.0 F F F F F F F F F F F
4 5522.276 0.6043 5522.042 7.0 F F F F F F F F F
3C66A 1 5784.410 0.1286 5781.048 7.0 Q Q Q Q Q Q Q Q Q Q Q Q Q
2 6185.907 0.9647 6187.048 7.0 Q Q Q Q Q
3 4744.658 0.7634 4744.000 7.0 F F F F F F F F F F
4 5181.601 0.8230 5179.009 7.0 F Q F F F F F
3C84 1 5618.253 0.0094 5617.655 7.0 Q F F F
2 6237.379 0.0081 6240.655 7.0 Q F Q T
3 5400.374 0.0451 5400.655 7.0 F T F F F F F F
4 5825.934 0.0032 5827.655 7.0 F F F Q Q
BL Lacertae 1 5033.523 0.4185 5036.655 7.0 Q A Q Q Q Q Q Q Q
2 5503.691 0.1905 5505.655 7.0 Q A Q Q Q Q Q Q Q
3 5744.505 0.4583 5746.048 7.0 F Q F F F F F F Q F
4 6167.256 0.2307 6170.506 7.0 F F F F F F F F
CTA102 1 5126.709 0.0467 5127.655 7.0 Q Q Q Q Q
2 5828.375 0.6959 5827.655 7.0 Q Q Q Q Q Q Q Q Q Q
3 6191.256 0.2475 6194.030 7.0 F F A A F F F F F F
4 6245.244 0.5936 6243.030 7.0 F F F F F F F
Mkn421 1 5297.588 0.8251 5298.011 7.0 Q Q Q Q Q Q Q Q
2 5711.653 0.8153 5711.028 7.0 Q Q Q Q Q F
3 5574.416 0.5700 5571.010 7.0 A Q F F F F F F
4 6123.294 0.0166 6124.028 7.0 F F F F
OJ287 1 5296.542 0.8371 5298.024 7.0 Q T F F F F F F F F Q Q
2 5340.494 0.8524 5340.024 7.0 Q Q Q Q Q Q Q Q Q Q Q Q
3 5129.847 0.5666 5130.044 7.0 F F F F F F F F F F F F
4 6038.508 0.8329 6040.041 7.0 F F F F F F F
76
5.3 Computation of Spectral Indices
5.3.1 Optical Spectral Index
A key value required for this analysis is the spectral index in the
UV−optical−NIR range for each epoch. For simplicity, I will refer to this spec-
tral index as the optical spectral index, αo, even though NIR and UV data were
included in the computation of αo. I combined all data available in the UV−NIR
range unless there was an obvious break in the power law in either the NIR or UV
bands.
In the optical band, the blazar spectrum was fit by a power law of the form
Sν ∝ ν
α, (5.1)
where Sν is the radiative flux density, and α is the slope obtained in a log Fν − log
ν representation of the data. To compute αo, I performed a weighted linear least-
square fit using the IDL routine LINFIT. I retrieved the slope and its error and
report these as αo and σαo . This computation is visualized for each source object in
Figures B.1− B.35, panels (b). Each epoch retains the identifying color and epoch
number as displayed on the light curves. The symbols indicate the observatory
(Table B.1). The frequency band of the observation is denoted immediately above
the X -axis. Frequencies have been adjusted for redshift; i.e., they are rest-frame
frequencies. When data at a given epoch display curvature or a break from a simple
power law, observations beyond the curvature are excluded from this computation.
This is obvious on the spectral index plots, as the least-square fitted line is not
extended through the excluded bands. (One that is not obvious is the second epoch
for 1127−145. The SMARTS R-band point was not included in the computation as
its value was questionable on the light curve plot.)
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Because we assume the model to be linear, testing the goodness of the fit to the
model in the usual sense is not as meaningful in this case. The weighted chi square
statistic will be quite large given the small magnitude of many of our uncertainties.
To provide some measure of the “goodness of fit,” I computed the standard deviation
of the data, σ, using
σ2 =
1
N − 2
Σ(yi − y¯)
2, (5.2)
where N is the number of data points, yi is the log (flux), and y¯ is the computed best-
fit value (Bevington & Robinson, 2003), and there were two parameters determined
from the fit. I evaluated the causes of the large variances and rejected epochs where
the data points were too discrepant, too few, or had unreasonable uncertainties.
Notes on Peculiar or Interesting Spectral Indices
0235+164. The SED for the BL Lac 0235+164 suggests that the synchrotron
peak in the IR shifted to a higher frequency during both active epochs. Due to this
curvature, the IR points for this object were not included in the computation of αo
for either active epoch.
0336−019. The second quiescent epoch has a high “goodness of fit” indicator.
All data are from Swift and have reasonable uncertainties. The value of αo is in line
with the other quiescent epoch. This epoch may be one to study more deeply.
0420−014. The third epoch occurs during a flare. Multiple observations were
made by the St. Petersburg group during this epoch and are reflected in both the
spectral index and the SED plots (Figures B.3a and B.3b). The B-band flux is
noticeably lower than in the other bands.
0528+134. This quasar has several stretches of epochs during which the gamma-
ray flux measurement did not exceed a TS value of 10 even with 30-day binning. I
computed an upper limit for the flux in a quiescent state as discussed in Section 5.2.
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Quiescent epoch 1 (RDJ 5120) suggests an excess of B-band emission, hence it was
not included in the computation of αo. When the light curve data were extracted
using a variable photon index for gamma-ray active periods, the bin encompassing
RJD 5825 no longer returned a TS value ≥ 10. For this epoch, fluxes were drawn
from the light curve data computed with a fixed photon index.
0836+710. The quasar 0836+710 presented an interesting case. While attempt-
ing to compute its αo, the ultraviolet fluxes were unusually low for both quiescent
(RJD 6020) and flaring (RJD 5870) states. This object has not been well studied
previously and has the highest redshift in this data set. To verify that the low flux
is real, I produced a special spectral index and SED plot with all epochs for which
there were both Swift data and sufficient additional data to compute αo (see Figure
5.1). All epochs correspond to a flaring state except for RJD 5664 (active state) and
RJD 6020 (quiescent state). At all epochs, the UV flux decreases with increasing
frequency. One possible cause of the low UV flux would be an exposure time that was
too low. An examination of the images, however, did not substantiate this, and the
exposure times appear adequate–at least 300 seconds and often 1000 − 2000 seconds
(Figure 5.2). Low UV flux for this high-redshift quasar also could be the result of
the Lyman continuum break or Lyman alpha absorption (Lyman α forest) along the
line of sight.
It is obvious that any value of αo computed with UV data as a simple power
law will be inaccurate. For this object, αo was computed without the UV data (see
Figure B.9b).
It is also interesting that the optical emission does not vary significantly between
quiescent and flaring states. Both the peak optical and the peak X-ray radiation lag
the peak gamma-ray emission. This can be seen more clearly in the light curves (see
Figure B.9a).
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(7) 2012−1−2 RJD = 5928.68 o/x: −0.740; x/gamma: −0.919
(6) 2011−12−27 RJD = 5923.49 o/x: −0.714; x/gamma: −0.928
(5) 2011−11−8 RJD = 5874.26 o/x: −0.828; x/gamma: −0.805
(4) 2011−11−4 RJD = 5869.64 o/x: −0.788; x/gamma: −0.790
(3) 2011−11−2 RJD = 5868.37 o/x: −0.769; x/gamma: −0.808
(2) 2011−4−13 RJD = 5664.67 o/x: −0.838; x/gamma: −0.963
(1) 2012−4−3 RJD = 6020.94 o/x: −0.797; x/gamma: −1.016
(b)
Fig. 5.1: A preliminary optical spectral index (SI) fit and SED for 0836+710: (a)
displays the SI; and, (b) displays the SED. All epochs for which sufficient data exist to
compute an SED are shown. There is a sharp decrease in UV flux for both quiescent
and active states. The final computation of αo did not include the UV data.
Lastly, the IR data are curious, in that they do not appear to fit the expected
synchrotron hump.
0954+658. This BL Lac object was the target of multiple observations during
its Spring 2011 flare. The third epoch, RJD 5640, includes 16 observations by the
AZT-8. The fourth epoch, RJD 5667, includes 12 observations in the R band with the
Perkins Telescope and 3 from the LX-200 telescope. Intraday variability is apparent.
1127−145. The quasar 1127−145 has displayed no active periods since the
summer of 2009. Extracting confident flux values during periods when observations
have been made in sufficient numbers at other wavelengths has been difficult. For
this object, I accepted TS values ≥ 5 for quiescent states. For active states, there
were insufficient observations at other wavelengths to compute αo.
1156+295. For the fourth epoch, the UVM2 and UVW2 fluxes appear to be
lower than a simple power law would suggest. The value of αo was computed without
these points, although this only changed the value from −1.063 to −1.039.
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(a) (b)
(c)
Fig. 5.2: The DS9 images showing 0836+710: (a) displays the UVM2 image (flaring
period, RJD 5870); (b) displays the UVW2 image (flaring period, RJD 5870); and (c)
displays the UVW2 image (quiescent period, RJD 6020). The exposure time appears
to be adequate to capture the object.
1222+216. The quasar 1222+216 has an interesting and consistent behavior
in the UV as observed by Swift. As Figure B.15b shows, the flux drops in the U
band, increases in UVW1, drops again in UVM2 and increases in UVW2. This holds
true while the object is both quiescent and active. This suggests that the extinction
applied to account for the “big blue bump” (Fitzpatrick, 1999) may be too strong
for this source, most likely due to an emission line. A second interesting observation
is that, in spite of a large increase in gamma-ray flux, the flux values in the X-ray
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band remain stable and flux values in the optical increase significantly less than in
the gamma-ray (see Figure B.15b).
1308+326. Generally, the gamma-ray flux for the quasar 1308+326 is below
our TS value for detection. I computed an upper limit for the flux as discussed in
Section 5.2. This value fell within a transitory state, so no additional epochs could
be selected using these values.
1510−089. The quasar 1510−089 was the target of multiple observations during
its 2009 March flare (see Figure B.18b). Intraday variability is apparent.
1611+343. Generally, the gamma-ray flux of the quasar 1611+343 is below
our TS value for detection. I computed an upper limit for the flux as discussed in
Section 5.2. I selected two epochs that each included a good range of observations,
but occurred away from active periods (see Figure B.19b). For the first epoch, RJD
5252, I ignored the bands V, UVM2 and UVW2 in the computation of αo.
1622−297. The SMARTS K-band data were somewhat discrepant, so they were
not included in the computation of αo.
1633+382. Due to significant curvature at all epochs, UV data were excluded
from the computation of αo. Raiteri et al. (2012) reported the same steep, curved
spectrum and suggested that it was due to the thermal contribution from the accre-
tion disk peaking around U-band when the source is in a weakened state. During
the 2011 July flare (epoch 3), νsynchpeak shifted to longer wavelengths.
3C111. 3C111 was detected by Fermi over its first three months, and was
included in the 1FGL catalog. It must have been too weak over the two-year period
to be included in the 2FGL catalog. Light curve data for quiescent activity were
extracted using a 1-year bin period. Achieving good linear fits was difficult because
the U-band flux fell below the power law while the UV was higher than the power
law.
82
14 16 18 20 22 24
log ν[Hz] (rest frame)
−12.0
−11.5
−11.0
−10.5
−10.0
−9.5
−9.0
lo
g(ν
F ν
) [e
rg 
cm
−
2  
s−
1 ]
3C273                   
(2) 2012−4−27 RJD = 6045.36 o/x:    NaN; x/gamma:    NaN
(1) 2010−4−26 RJD = 5313.40 o/x:    NaN; x/gamma:    NaN
Fig. 5.3: The SED for two epochs of 3C273. These two epochs include IR data not
available at the epochs selected for further study (see Figure B.27). The IR data
reveal a synchrotron component. Due to the curvature, the IR data would not have
been included in any computation of αo, and, therefore, do not affect further analysis.
These epochs are merely included here for informational purposes.
3C273. The epochs selected for the analysis did not include any IR data. Be-
cause the IR data does reveal an interesting SED, I selected two epochs with a
broader range of data points for reproduction in Figure 5.3.
3C279. Epoch 5314 presented a difficult case of fitting a line to compute αo
(Figure 5.4b). At this time, the quasar had a particularly low flux with a UV excess.
Even eliminating these data, the fit is still unacceptable. Although this point is
interesting, I eliminated it in my final analysis. A slightly earlier epoch, RJD 4966
(epoch 1 in Figure B.28b), exhibited a mild UV excess.
83
14.4 14.6 14.8 15.0 15.2 15.4
log ν[Hz] (rest frame)
−2
−1
0
1
2
lo
g(F
ν*
10
.0
(−2
6) ) 
[er
g c
m−
2  
s−
1 ]
 UVW1 U B  UVW2 V  UVM2 K  J   R H  I
3C279
(5) 2011−4−14 RJD = 5665.53, α = −1.747 +/−  0.005, Std Dev of Data =   0.054
(4) 2009−3−8 RJD = 4898.56, α = −1.770 +/−  0.006, Std Dev of Data =   0.036
(3) 2012−3−24 RJD = 6011.00, α = −1.578 +/−  0.008, Std Dev of Data =   0.102
(2) 2010−4−28 RJD = 5314.52, α = −2.210 +/−  0.013, Std Dev of Data =   0.594
(1) 2009−5−15 RJD = 4966.54, α = −1.696 +/−  0.007, Std Dev of Data =   0.040
(a)
14 16 18 20 22 24
log ν[Hz] (rest frame)
−12.5
−12.0
−11.5
−11.0
−10.5
−10.0
lo
g(ν
F ν
) [e
rg 
cm
−
2  
s−
1 ]
3C279                   
(5) 2011−4−14 RJD = 5665.66 o/x: −1.081; x/gamma: −0.763
(4) 2009−3−8 RJD = 4898.74 o/x: −1.096; x/gamma: −0.742
(3) 2012−3−24 RJD = 6011.46 o/x: −1.115; x/gamma: −0.895
(2) 2010−4−28 RJD = 5314.56 o/x: −0.708; x/gamma: −0.867
(1) 2009−5−15 RJD = 4966.58 o/x: −0.924; x/gamma: −0.862
(b)
Fig. 5.4: The SED of the quasar 3C279 at four epochs illustrating the difficulty
of fitting the second epoch: (a) Optical spectral index; and, (b) SED. Epochs are
identified by color. Symbols identify the sources of the measurements. Horizontal
lines on the light curves indicate the 〈Fb〉 values (only approximate locations on
magnitude plots). Section B.1 of the text provides further detail.
3C345. The SED for the quasar 3C345 reveals an apparent example of a UV
excess (see Figure B.29a). It is not unusual to see such excess when the object is
in a quiescent state. What is unusual here, though, is that the same excess is seen
regardless of the state of the object. This suggests that the accretion disk is unusually
bright. The UV points for this object were not included in the computation of its
αo.
BL Lacertae. The fourth epoch selected, RJD 6167, occurred during a strong
flare. Only the data for bands I, R, and V were used in the computation of αo
(Figure B.32a). The SED shows that νsynchpeak appeared in the IR, and that the flux in
the B-band dropped significantly.
5.3.2 X-Ray and Gamma-Ray Spectral Indices
Both the X-ray and the gamma-ray spectral indices are computed from the
photon index, Γ, using the equation
α = −(|Γ| − 1). (5.3)
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For X-ray observations, Γx and its uncertainty were computed from Swift X-ray
data using the task xspec (see Section 2.2.2). For epochs without X-ray observa-
tions, I report no αx.
For gamma-ray observations, Γγ was derived differently depending upon whether
the epoch corresponded to a quiescent or an active state. In the compilation of
the 2FGL catalog, Nolan et al. (2012) fit the spectra of bright sources such as
active galactic nuclei (AGNs) with either a simple power law or a log parabolic
model. The latter was chosen for sources displaying significant spectral curvature.
The catalog reports either the power-law index or the index at the pivot energy in
the spectral index column. Table 5.2 displays these values for the sources in my
sample. Column 1 is the object’s name as used in this writing and column 2 is the
object’s name in the 2FGL catalog. Column 3 indicates if the source was fitted with
a log parabolic (“L”) or a power law (“P”) model. For sources fitted with a power
law, columns 4 and 5 display Γγ and its uncertainty obtained from the spectral index
column in the 2FGL catalog. For sources fitted with a log parabolic model, columns
6 and 7 display the index at the pivot energy and its uncertainty. Additionally, for
these latter sources, the 2FGL catalog also provides a best fit Γγ by assuming a power
law, and these values are displayed in column 4.
For quiescent epochs, if the source was fitted with a power law model, I extracted
the photon index (column 4) and its uncertainty (column 5) as the adopted power-law
Γγ and σΓγ values. If the source was fitted with a log parabolic model, I extracted
the best fit Γγ (column 4) and the uncertainty on the pivot energy, column 7. For
active states, light curve data were extracted with the value of Γγ allowed to vary.
It is this derived value of Γγ that was used in equation 5.3.
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Table 5.4. Fermi Gamma-ray Photon Index
Object 2FGL P 1-σ L 1-σ
Name Catalog Name L/P Index Error Index Error
(1) (2) (3) (4) (5) (6) (7)
0235+164 J0238.7+1637 L 2.1238 2.0232 0.0247
0336-019 J0339.4-0144 P 2.4754 0.0716
0420-014 J0423.2-0120 P 2.2983 0.0284
0528+134 J0530.8+1333 L 2.5450 2.2182 0.0918
0716+714 J0721.9+7120 L 2.0770 2.0070 0.0214
0735+178 J0738.0+1742 P 2.0465 0.0350
0827+243 J0830.5+2407 P 2.6737 0.0703
0829+046 J0831.9+0429 L 2.1814 2.0469 0.0540
0836+710 J0841.6+7052 P 2.9478 0.0730
0954+658 J0958.6+6533 P 2.4153 0.0672
1055+018 J1058.4+0133 P 2.2174 0.0391
1127-145 J1130.3-1448 P 2.6973 0.0513
1156+295 J1159.5+2914 P 2.2946 0.0270
1219+285 J1221.4+2814 P 2.0186 0.0343
1222+216 J1224.9+2122 L 2.2314 2.1216 0.0154
1308+326 J1310.6+3222 L 2.2222 2.1049 0.0483
1406-076 J1408.8-0751 P 2.4290 0.0641
1510-089 J1512.8-0906 L 2.3883 2.2884 0.0143
1611+343 J1613.4+3409 P 2.3070 0.1714
1622-297 J1626.1-2948 P 2.3386 0.0667
1633+382 J1635.2+3810 L 2.4104 2.2479 0.0276
1730-130 J1733.1-1307 L 2.4879 2.2390 0.0882
1749+096 J1751.5+0938 L 2.2429 2.1010 0.0649
3C111 not in 2FGL no fermi data
3C273 J1229.1+0202 L 2.6156 2.4524 0.0219
3C279 J1256.1-0547 L 2.3397 2.2212 0.0188
3C345 J1642.9+3949 P 2.4885 0.0561
3C446 J2225.6-0454 P 2.4357 0.0531
3C454.3 J2253.9+1609 L 2.3792 2.2264 0.0081
3C66A J0222.6+4302 L 1.9119 1.8474 0.0239
3C84 J0319.8+4130 L 2.0304 1.9962 0.0219
BL Lacertae J2202.8+4216 L 2.2609 2.1069 0.0357
CTA102 J2232.4+1143 L 2.5379 2.3265 0.0669
Mkn421 J1104.4+3812 P 1.7706 0.0120
OJ287 J0854.8+2005 P 2.2319 0.0433
References. — All data from Nolan et al. (2012)
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5.3.3 Broadband Spectral Slopes
Two additional spectral indices are of interest to our study: the linear least-
square slope between the optical and X-ray points, αox, and the slope between X-ray
and gamma-ray energies of 1 keV and 0.5 GeV, αxg. The optical measurement is
the weighted mean of the fluxes in V band. If no V-band observations were included
for an epoch, preference was given to measurements in the R, J, UVM2, or UVW1
bands, in that order.
5.3.4 Summary of Spectral Index Data
The computed spectral indices for all objects are summarized in Table 5.5. Col-
umn 1 is the object name. Column 2 is the identifying epoch number (correspond-
ing to the number displayed on the light curve plot). Column 3 is the date/time
of the earliest NIR - X-ray observation for the epoch. Columns 4−9 are αγ, αx,
and αo, and their respective 1-σ uncertainties. Column 9 provides the number of
UV−optical−NIR observations included in the computation of αo, and Column 10
is the standard deviation of the data relative to the best-fit line (the measurement of
the “goodness of fit” of the spectral slope for αo). Columns 12−15 are αox and αxg
and their respective 1-σ uncertainties. Column 16 indicates which frequency band
was used in the computation of αox if an observation in V-band was not available.
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Table 5.5: Computed Spectral Indices
Object Epoch Start # UV-opt- Std. Dev. αo
Name Number Date αγ σαγ αx σαx αo σαo IR pts of Data αox σαox αxg σαxg Band
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16)
0235+164 1 5087.774 -1.124 0.025 -1.120 0.338 -1.447 0.011 6 0.020 -1.147 0.047 -0.769 0.022
2 5128.683 -1.124 0.025 -1.607 0.009 10 0.087
3 4729.762 -0.990 0.078 -1.237 0.460 -1.683 0.003 9 0.085 -1.412 0.051 -0.674 0.024
4 4790.055 -1.035 0.124 -1.516 0.420 -1.770 0.005 7 0.054 -1.327 0.047 -0.748 0.022
0336-019 1 4734.525 -1.475 0.072 -0.334 0.080 3 0.000
2 4917.231 -1.475 0.072 -0.924 0.677 -0.436 0.027 6 0.111 -1.154 0.063 -0.860 0.029
3 5832.461 -1.104 0.217 -1.009 0.023 9 0.001
4 5858.888 -1.225 0.130 -0.948 0.023 4 0.007
0420-014 1 5124.447 -1.298 0.028 -1.330 0.025 11 0.003
2 5508.897 -1.298 0.028 -0.984 0.367 -0.807 0.031 7 0.049 -1.038 0.050 -0.811 0.023
3 5217.245 -0.870 0.132 -1.264 0.063 8 0.043
4 5879.530 -1.430 0.183 -1.530 0.128 3 0.030 J
0528+134 1 5120.762 -1.545 0.092 -0.719 0.030 9 0.025
3 5825.600 -1.545 0.092 -0.446 0.029 7 0.039
0716+714 1 4882.182 -1.077 0.021 -1.159 0.136 -1.224 0.012 11 0.039 -1.517 0.020 -0.873 0.009
2 5587.747 -1.077 0.021 -1.436 0.309 -1.200 0.001 11 0.035 -1.591 0.031 -0.771 0.014
3 5859.502 -0.962 0.086 -1.450 0.119 -1.231 0.001 11 0.082 -1.489 0.013 -0.737 0.006
4 6011.639 -1.143 0.146 -1.341 0.135 -1.215 0.000 18 0.017 -1.542 0.014 -0.822 0.006
0735+178 1 5503.001 -1.047 0.035 -1.294 0.481 -1.519 0.007 9 0.035 -1.502 0.065 -0.754 0.031 R
2 6011.277 -1.047 0.035 -1.477 0.017 5 0.011
3 5130.951 -0.985 0.224 -1.091 0.066 6 0.001
4 6070.398 -1.374 0.248 -1.223 0.379 -0.975 0.006 7 0.033 -1.246 0.037 -0.808 0.017
0827+243 1 4767.528 -1.674 0.070 -0.548 0.070 6 0.010
2 5503.630 -1.674 0.070 -0.697 0.108 -0.513 0.012 9 0.034 -1.001 0.018 -0.937 0.008
3 6198.701 -1.268 0.229 -0.577 0.095 -1.085 0.009 6 0.036 -1.080 0.014 -0.801 0.007
4 6269.713 -1.438 0.109 -0.606 0.190 -0.993 0.025 5 0.045 -1.040 0.031 -0.766 0.014
0829+046 1 5663.736 -1.181 0.054 -1.729 0.011 4 0.036
2 6089.713 -1.181 0.054 -0.430 0.454 -1.501 0.015 3 0.038 -1.444 0.081 -0.804 0.037
3 5279.664 -1.253 0.276 -1.653 0.049 5 0.004
4 5234.339 -1.217 0.273 -1.596 0.011 5 0.006
0836+710 1 5624.396 -1.948 0.073 -0.629 0.039 4 0.001
2 6020.937 -1.948 0.073 -0.468 0.102 -0.282 0.022 3 0.006 -0.797 0.021 -1.016 0.010
3 5869.336 -1.607 0.081 -0.438 0.095 -0.904 0.114 3 0.003 -0.766 0.014 -0.790 0.007 J
4 5923.485 -1.609 0.172 -0.451 0.085 -0.453 0.023 5 0.067 -0.714 0.013 -0.928 0.006
0954+658 1 4766.685 -1.415 0.067 -1.329 0.022 7 0.017
2 4781.697 -1.415 0.067 -1.242 0.062 3 0.022 J
3 5636.232 -1.076 0.218 -1.805 0.020 16 0.116
4 5667.827 -1.292 0.253 -1.769 0.071 17 0.037
1055+018 1 6046.729 -1.217 0.039 -1.438 0.015 5 0.001
2 5305.329 -1.217 0.039 -0.998 0.408 -1.509 0.019 8 0.074 -1.164 0.050 -0.860 0.023
3 5664.801 -1.243 0.190 -1.418 0.008 4 0.007
4 5709.314 -1.434 0.252 -0.718 0.179 -1.581 0.009 6 0.023 -1.248 0.023 -0.799 0.011
1127-145 1 5193.997 -1.697 0.051 -0.388 0.111 -0.656 0.012 5 0.118 -1.120 0.021 -0.953 0.010
Continued on Next Page. . .
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Table 5.5 – Continued
Object Epoch Start # UV-opt- Std. Dev. αo
Name Number Date αγ σαγ αx σαx αo σαo IR pts of Data αox σαox αxg σαxg Band
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16)
2 5926.442 -1.697 0.051 -0.665 0.559 -0.331 0.018 4 0.031 -1.136 0.053 -0.957 0.025 J
1156+295 1 5674.348 -1.295 0.027 -1.112 0.043 5 0.018
2 6038.659 -1.295 0.027 -0.584 0.528 -1.216 0.024 17 0.008 -1.345 0.102 -0.775 0.048
3 5344.571 -1.077 0.160 -0.643 0.225 -1.277 0.054 5 0.007 -1.228 0.044 -0.700 0.018 W1
4 6104.893 -1.276 0.171 -0.830 0.332 -1.039 0.005 4 0.002 -1.369 0.059 -0.742 0.027
1219+285 1 5315.347 -1.019 0.034 -1.232 0.766 -1.244 0.003 13 0.011 -1.627 0.084 -0.777 0.039
2 5988.436 -1.019 0.034 -1.622 0.440 -1.264 0.004 7 0.009 -1.554 0.043 -0.837 0.020
3 4877.816 -0.965 0.156 -1.686 0.441 -1.022 0.002 6 0.055 -1.550 0.040 -0.786 0.019
4 5286.503 -1.403 0.202 -2.055 0.580 -1.010 0.003 6 0.050 -1.490 0.068 -0.806 0.032
1222+216 1 5672.522 -1.231 0.015 -0.592 0.254 -0.171 0.003 8 0.043 -1.359 0.035 -0.787 0.016
2 6025.625 -1.231 0.015 -0.814 0.484 -0.098 0.004 6 0.049 -1.364 0.086 -0.748 0.040
3 5317.278 -0.982 0.035 -0.828 0.237 -0.305 0.009 3 -1.377 0.036 -0.521 0.017 R
4 5369.145 -1.078 0.024 -0.669 0.258 -0.244 0.002 9 0.041 -1.473 0.036 -0.482 0.017
1308+326 1 5302.082 -1.222 0.048 -0.250 0.718 -1.517 0.206 3 0.002 -1.159 0.171 -0.757 0.081 R
1406-076 1 5294.737 -1.429 0.064 -0.851 0.042 4 0.045
2 5354.102 -1.429 0.064 -0.742 1.843 -1.581 0.087 7 0.443 -1.134 0.180 -0.779 0.084
1510-089 1 5714.774 -1.388 0.014 -0.489 0.587 -0.628 0.008 8 0.022 -1.213 0.083 -0.727 0.039
2 6064.552 -1.388 0.014 -0.835 0.422 -0.721 0.006 14 0.041 -1.150 0.073 -0.770 0.034
3 4918.487 -1.244 0.025 -0.394 0.139 -1.104 0.004 17 0.161 -1.309 0.021 -0.550 0.010
4 5747.276 -1.268 0.046 -0.585 0.146 -0.710 0.007 9 0.026 -1.201 0.021 -0.573 0.010
1611+343 1 5252.722 -1.307 0.171 -0.443 0.578 -0.461 0.059 4 0.003 -1.208 0.092 -0.920 0.042
2 5832.201 -1.307 0.171 -0.422 0.014 11 0.023
1622-297 1 4745.490 -1.339 0.067 -0.647 0.043 4 0.010
2 4953.276 -1.339 0.067 -0.503 1.806 -0.611 0.011 10 0.237 -1.281 0.090 -0.812 0.042
3 5088.518 -1.219 0.194 -0.565 0.033 4 0.001
4 5295.473 -1.423 0.230 -0.301 0.399 -0.494 0.012 10 0.060 -1.114 0.042 -0.782 0.020
1633+382 1 5400.397 -1.410 0.028 -0.637 0.546 -0.698 0.018 6 0.096 -1.073 0.064 -0.760 0.029
2 6135.430 -1.410 0.028 -0.859 0.581 -0.885 0.031 8 0.084 -1.055 0.090 -0.777 0.042
3 5744.449 -1.155 0.058 -0.562 0.223 -1.559 0.009 9 0.025 -1.109 0.046 -0.708 0.021
4 5034.519 -1.270 0.084 -1.118 0.446 -1.239 0.016 5 0.091 -1.052 0.044 -0.721 0.020
1730-130 1 4980.711 -1.488 0.088 -0.937 0.019 6 0.058
2 5376.704 -1.488 0.088 -1.520 0.027 5 0.073
3 5433.603 -1.440 0.103 -2.385 0.134 4 0.006
4 5494.502 -1.132 0.087 -1.061 0.074 3 0.001
1749+096 1 6070.825 -1.243 0.065 -1.536 0.012 7 0.030 R
2 6135.326 -1.243 0.065 -1.717 0.028 8 0.018
3 5427.240 -1.267 0.198 -0.422 0.179 -1.767 0.025 9 0.060 -1.404 0.026 -0.766 0.012
4 5502.790 -1.394 0.148 -0.579 0.141 -2.066 0.014 7 0.007 -1.155 0.024 -0.853 0.011
3C111 1 4788.849 -1.232 0.043 -0.127 0.144 -0.194 0.003 3 0.082 -1.238 0.020 -1.048 0.010
3C273 1 5295.660 -1.616 0.022 -0.658 0.043 -0.458 0.004 8 0.024 -1.236 0.006 -1.035 0.003
2 6045.359 -1.616 0.022 -0.564 0.070 4 0.041
3 4962.637 -1.568 0.135 -0.596 0.041 -0.446 0.002 8 0.004 -1.262 0.008 -0.942 0.004
4 5272.526 -1.492 0.088 -0.693 0.044 -0.494 0.003 9 0.010 -1.223 0.005 -0.898 0.003
3C279 1 4966.580 -1.340 0.019 -0.797 0.131 -1.696 0.007 12 0.040 -0.924 0.017 -0.862 0.008
2 6011.463 -1.340 0.019 -0.550 0.178 -1.578 0.008 12 0.102 -1.115 0.028 -0.895 0.013
Continued on Next Page. . .
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Table 5.5 – Continued
Object Epoch Start # UV-opt- Std. Dev. αo
Name Number Date αγ σαγ αx σαx αo σαo IR pts of Data αox σαox αxg σαxg Band
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16)
3 4898.744 -1.419 0.083 -0.875 0.215 -1.770 0.006 13 0.036 -1.096 0.028 -0.742 0.013
4 5665.659 -1.908 0.152 -0.665 0.092 -1.747 0.005 16 0.054 -1.081 0.014 -0.763 0.006
3C345 1 5826.277 -1.489 0.056 -1.438 0.030 7 0.033
2 6036.932 -1.489 0.056 -1.493 0.062 7 0.005
3 5067.109 -1.073 0.174 -0.859 0.135 -1.515 0.017 8 0.022 -1.090 0.022 -0.782 0.010
4 5110.554 -1.319 0.334 -0.578 0.246 -1.291 0.024 5 0.027 -1.193 0.028 -0.770 0.013
3C446 1 5341.606 -1.436 0.053 0.217 0.825 -0.650 0.087 3 0.006 -1.030 0.123 -0.857 0.057
2 5825.797 -1.436 0.053 -0.679 0.025 4 0.006
3C454.3 1 5729.702 -1.379 0.008 -0.566 0.140 -0.913 0.006 11 0.131 -1.151 0.022 -0.752 0.010
2 6180.576 -1.379 0.008 -0.984 0.357 -1.039 0.009 11 0.051 -1.163 0.051 -0.842 0.024
3 5167.194 -1.344 0.023 -0.584 0.039 -1.380 0.001 17 0.122 -0.972 0.006 -0.749 0.003
4 5522.276 -1.259 0.010 -0.602 0.040 -1.633 0.002 8 0.002 -1.057 0.007 -0.630 0.003
3C66A 1 5784.410 -0.912 0.024 -1.559 0.253 -1.292 0.002 14 0.007 -1.503 0.026 -0.780 0.012
2 6185.907 -0.912 0.024 -1.044 0.019 6 0.022
3 4744.658 -0.893 0.085 -1.971 0.129 -0.872 0.001 10 0.057 -1.443 0.010 -0.757 0.005
4 5181.601 -1.145 0.131 -1.903 0.181 -1.206 0.003 5 0.038 -1.562 0.016 -0.755 0.007
3C84 1 5618.253 -1.030 0.022 -0.991 0.009 3 0.015
2 6237.379 -1.030 0.022 -1.242 0.009 3 0.026
3 5400.374 -0.848 0.081 -0.993 0.038 -1.922 0.001 6 0.055 -1.094 0.005 -0.968 0.002
4 5825.934 -1.142 0.076 -1.015 0.011 4 0.027
BL Lacertae 1 5033.523 -1.261 0.036 -0.957 0.182 -2.158 0.003 9 0.075 -1.392 0.019 -0.854 0.009
2 5503.691 -1.261 0.036 -0.854 0.112 -2.195 0.003 8 0.065 -1.370 0.015 -0.884 0.007
3 5744.505 -1.128 0.088 -0.944 0.185 -2.079 0.002 14 0.058 -1.494 0.020 -0.734 0.009
4 6167.256 -1.233 0.126 -1.536 0.007 8 0.008
CTA102 1 5126.709 -1.538 0.067 -0.254 0.011 7 0.011
2 5828.375 -1.538 0.067 -0.377 0.158 -0.413 0.005 16 0.008 -1.150 0.024 -0.820 0.011
3 6191.256 -1.006 0.034 -0.616 0.084 -1.108 0.005 18 0.034 -1.098 0.014 -0.619 0.007
4 6245.244 -1.396 0.080 -0.514 0.120 -1.409 0.008 6 0.055 -1.177 0.019 -0.760 0.009
Mkn421 1 5297.588 -0.771 0.012 -1.502 0.026 -0.908 0.003 8 0.076 -0.965 0.004 -1.100 0.002
2 5711.653 -0.771 0.012 -1.371 0.019 -0.965 0.003 7 0.077 -0.965 0.004 -1.181 0.002
3 5574.416 -0.610 0.101 -1.910 0.043 -0.634 0.000 11 0.039 -1.253 0.004 -1.026 0.002
4 6123.294 -0.747 0.046 -0.898 0.005 4 0.004
OJ287 1 5296.542 -1.232 0.043 -1.259 0.163 -1.299 0.002 20 0.085 -1.426 0.017 -0.863 0.008
2 5340.494 -1.232 0.043 -1.279 0.173 -1.495 0.003 12 0.049 -1.347 0.020 -0.848 0.009
3 5129.847 -1.392 0.176 -0.885 0.069 -1.557 0.002 13 0.048 -1.339 0.010 -0.821 0.005
4 6038.508 -1.229 0.164 -1.425 0.002 20 0.016
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5.4 Technical Notes
Three files can be created for each object to help identify good sets of
data for the SED. The primary data file is (objectname)/state.dat, cre-
ated in fermiperiods.pro. This file has one record for each 24-hour sub-
set of a Fermi bin. Each record has the RJD matching the Fermi record,
the start and end date/time of the set of observations, an indicator if this 24-
hour period can generate an SED (= 1) or be used in an optical-gamma anal-
ysis (= 2), the state of each frequency band, and the RJD of the X-ray obser-
vation. The routine flux state.pro is called to determine the state of the
band. It compares the weighted mean flux value to the value stored in the global
data file states.dat. The program fermiperiods.pro also generates the
file (objectname)/fermi counts.dat. This file contains records that match
(objectname)/state.dat, but instead of the states of the frequency bands, this
file contains a count of the number of observations obtained that day by each obser-
vatory1. Viewing these two files together provides a good reference for selecting the
sets of data.
In addition to the above data files, a third file is sometimes
helpful in selecting data points. Both (objectname)/state.dat and
(objectname)/fermi counts.dat will skip dates having X-ray data but no
good Fermi flux value. The file (objectname)/inventory.dat is similar to
(objectname)/fermi counts.dat, but is a complete inventory of all observa-
tions. This can be especially helpful when identifying periods of low flux values that
may be rebinned for quiescent data sets. The file is generated by countobs.pro.
1The reason these two files are not combined into one was to make creating tables for this thesis
simpler
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If the starting date/time was adjusted to achieve a better set of observations, the
new date/time needs to be manually overwritten in (objectname)/state.dat.
There will be overlapping periods, but that is usually not a problem. The rou-
tine overwrites the first period or the one that already has an SED=1. The pro-
gram fermiperiods adjust.pro must be executed to reset the included obser-
vations.
The beginning dates of the selected epochs can be written to the
(objectname)/dates.dat file by lightcurve.pro. Each date must match
the date of the epoch in (objectname)/state.dat. These dates are printed
on the spectral index and SED plots. The program SED.pro uses this date file to
determine the data to be included in its processing.
The workhorse for computing spectral indices is the IDL program SED.pro.
It produces both the optical spectral index plot and the SED plot. It accepts a set of
parameters that I have saved in the files (objectname)/SEDparams.dat. It out-
puts the spectral index data into the file (objectname)/SEDdata.dat. It is these
data that, once combined for all objects via the script combine SEDdata.csh, feed
Tables 5.3 and 5.5.
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Chapter 6
Trends and Correlations of Spectral
Indices
In the previous chapter, I discussed the computation of the spectral indices in
the optical (αo), X-ray (αx), and gamma-ray (αγ) regions for each of the blazars
in this study. In this chapter, I present a statistical examination of trends and
correlations of these spectral indices. I probe the differences between the subclasses
and between quiescent and active states. First, I will examine the individual spectral
indices for a preferred value in a given state and for trends in how a subclass varies
between states. Second, I will test for correlations and patterns between spectral
indices. Third, I will examine the spectral index between these regions, i.e., from the
optical to the X-ray region (αox) and from the X-ray to the gamma-ray region (αxg).
6.1 Spectral Index Analysis
Figures 6.1 − 6.3 present histograms of the distribution of the spectral indices
αo, αx, and αγ. The top two panels display the number of measurements included in
this study for quiescent states of flat spectrum radio quasars (FSRQs) and BL Lacs,
respectively, and the bottom two panels display the number of measurements for
active states. These numbers generally include two measurements for each object in
each activity state with independent spectral indices.
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Fig. 6.1: Distributions of the optical spectral indices. FSRQ objects are plotted in
red. BL Lac objects are plotted in blue. Quiescent and active states are plotted
separately.
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Fig. 6.2: Distributions of the X-ray spectral indices. FSRQ objects are plotted in
red. BL Lac objects are plotted in blue. Quiescent and active states are plotted
separately.
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Fig. 6.3: Distributions of the gamma-ray spectral indices. FSRQ objects are plotted
in red. BL Lac objects are plotted in blue. Quiescent and active states are plotted
separately. The quiescent FSRQ with the steepest index is 0836+710. The active
FSRQ with the steepest index is 3C279.
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Question: Is there a preferred value for αγ, αx, , or αo?
To answer this question, I computed an unweighted mean of each spectral in-
dex for each subclass in each state. The results are summarized in Table 6.1. For
reference, the weighted means are included in the table. The standard deviation is
a good indicator of the spread of the indices. I set a deviation within ± 0.4 (∼ 20%
of the approximate spread of all indices) as a narrow enough spread to indicate a
“preferred” value for the index. For αo , only BL Lacs in a quiescent state exhibit
a preferred value (−1.4 ± 0.3). Table 6.1 presents an example of the effect of an
outlier. Ignoring the outlier BL Lacertae (object #32) lowers the deviation, but the
mean remains within error bars.
For αx, both the quiescent and the active FSRQs exhibit small deviations (0.26
and 0.18, respectively), thus indicating a preferred value, and interestingly, both have
similar values of ∼ −0.6. This suggests that αx varies little for FSRQs. Quiescent
BL Lacs exhibit a preferred value of −1.2 ± 0.3. Active BL Lacs have a deviation
that is too high to declare a preferred value.
In all cases, both quiescent and active states of both subclasses exhibit a pre-
ferred value of αγ. For BL Lacs, the value of αγ changes little, as both states have an
unweighted mean of −1.12 to −1.14. Ackermann et al. (2011) found a similar mean
value for BL Lacs with a range from −0.90 to −1.17, depending upon the SED class.
For the FSRQs, there is a 0.16 separation between mean values, with a mean value of
−1.46 ± 0.17 for quiescent and −1.30 ± 0.22 for active FSRQs. Ackermann et al.
(2011) computed a mean value for FSRQs of −1.42 ± 0.17 for a much larger sample.
Question: Do spectral indices flatten or steepen between quiescent and
active states, and, if so, by what magnitude?
I graphically present the spectral indices for each epoch for each object: Figure
6.4 displays αo; Figure 6.5 displays αx; and Figure 6.6 displays αγ . In each figure,
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Table 6.1. Preferred Values for αo, αx, and αγ
BL Lac without FSRQ BL Lac FSRQ
Quiescent BL Lacerate Quiescent Active Active
(1) (2) (3) (4) (5) (6)
αo
Weighted Mean −1.31 −1.26 −0.53 −1.03 −1.14
Std Dev of Mean 0.0007 0.0007 0.0016 0.0002 0.0006
Std Dev of Data 0.34 0.24 0.51 0.55 0.51
Unweighted Mean −1.43 −1.37 −0.80 −1.41 −1.08
Std Dev 0.31 0.22 0.44 0.39 0.50
αx
Weighted Mean −1.40 −0.62 −1.50 −0.60
Std Dev of Mean 0.0149 0.0310 0.0298 0.0172
Std Dev of Data 0.37 0.26 0.56 0.18
Unweighted Mean −1.20 −0.61 −1.32 −0.63
Std Dev 0.31 0.26 0.53 0.18
αγ
Weighted Mean −0.96 −1.38 −0.97 −1.24
Std Dev of Mean 0.0054 0.0037 0.0240 0.0074
Std Dev of Data 0.24 0.19 0.27 0.23
Unweighted Mean −1.12 −1.46 −1.14 −1.30
Std Dev 0.17 0.17 0.21 0.22
the BL Lacs are plotted in panel (a) and the FSRQs are plotted in panel (b) . The
active states are plotted in darker colors. Some general trends can be seen in these
figures, but to answer the question quantitatively, I computed the weighted mean
of the spectral indices for both the quiescent states and the active states for each
object, and then computed the weighted mean of all of these weighted means in each
state. I computed the difference between the overall weighted means to determine
whether the slope moves towards or away from a value of zero between states and
the average magnitude of that change. The results are summarized in Table 6.2.
Column 2 lists whether the quiescent or the active state dominates the flatter (closer
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to zero) spectral index region and column 3 indicates the percentage of the objects
with that preference. Column 4 provides the average difference between the average
quiescent and active states, and column 5 is the uncertainty in this difference.
The FSRQs do tend to have a separation between quiescent and active states.
Of the active FSRQs, 93% have a flatter mean γ-ray spectrum, with a mean difference
from the average quiescent spectrum of 0.18. Some caution must be applied in this
case because Γγ is allowed to vary for the active states, while I used a fixed value
taken from the 2FGL catalog for each object in quiescent states. For both αo and αx,
approximately three-quarters of the FSRQs also exhibit a similar separation between
states. For αo , 75.0% of the quiescent FSRQs tend to have flatter spectra, with a
significant difference of 0.229, while 72.7% of the active have flatter X-ray spectra.
However, the average change in αx is quite small, 0.024, as is evident in Figure 6.5b.
Also evident in Figure 6.5 are the large error bars of the αx values, especially for the
FSRQs.
For BL Lacs, the only spectral index with a significant separation between
quiescent and active states is αx: two-thirds of the objects in a quiescent state have
a flatter X-ray spectrum. However, the average separation is a modest 0.108, with
much scatter in the deviation. Generally, the BL Lacs do not seem to exhibit a
preference to have flatter or steeper spectra between states.
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Table 6.2. Spectral Slope Preference and Magnitude of Change between States
Preference for Magnitude of Std Dev Std Dev
Flatter State Percentage Difference of Mean of Data
(1) (2) (3) (4) (5) (6)
αo
BL Lac Neither 50.00% 0.238 0.001 0.69
FSRQ Quiescent 75.00% 0.229 0.002 0.69
αx
BL Lac Quiescent 66.67% 0.108 0.033 0.70
FSRQ Active 72.73% 0.024 0.037 0.22
αγ
BL Lac Quiescent 58.33% 0.002 0.025 0.34
FSRQ Active 93.33% 0.181 0.008 0.28
6.2 Relation Between Spectral Indices
6.2.1 The αγ − αo Plane
Figure 6.7 plots the spectral indices of all selected epochs for all blazars in the
sample, plotted as αγ vs. αo. BL Lac objects are plotted in blue, FSRQs are plotted
in red/yellow, and radio galaxies are plotted in green. Active states are plotted in
darker colors.
Some trends are apparent, the most obvious being that the FSRQs are the sole
occupants of the bottom right portion of the plot (αo & −1.0 and αγ < −1.0).
Generally, the BL Lacs have flatter gamma-ray and steeper optical spectra than the
FSRQs, and along with a radio galaxy in an active state, occupy the upper left
portion of the plot.
To illuminate these and other trends, Figure 6.8 plots the same data, overlaying
active states for both subclasses in the top panel and quiescent states in the lower
panel, and Figure 6.9 plots all BL Lacs in the top panel and all FSRQs in the bottom
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Fig. 6.7: Spectral indices of all selected epochs for all blazars in the sample, plotted
as αγ vs. αo. BL Lac objects are plotted in blue, FSRQ objects in red/yellow, and
radio galaxies in green. Active states are plotted in darker colors and as circles,
quiescent states as squares.
panel. I have not included the radio galaxies owing to small number statistics. The
labels refer to the object’s reference number (see Table 3.1) and epoch number.
Some outliers and subgroups are of interest. In Figure 6.8a, an outlier, 1730-130
(object #22), has a very steep optical spectrum, and a follow-up study of additional
active epochs could be enlightening. In panel (b), both quiescent indices of BL
Lacertae (object #32) have similar values and both are outliers, which indicates that
BL Lacertae has some unique characteristics while quiescent. The active FSRQs seem
to form a subgroup in the flatter αo and mid-to-steeper αγ region (most noticeable in
the top panel of Figure 6.8). Most of these objects, 0528+134 (#4), 0836+710 (#9),
1222+216 (#15), 1510-089 (#18), 1622-297 (#20), and 3C273 (#27) attained high
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Fig. 6.9: Spectral indices of all selected epochs for all blazars in the sample, plotted
as αγ vs. αo. Panel (a) plots BL Lacs and panel (b) plots FSRQs. Labels refer to
the object’s reference number (see Table 3.1) and epoch number.
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maximum fluxes (see Figure 4.4). Furthermore, the quiescent FSRQs seem to display
a subgroup in the softer αo and mid-αγ region (most noticeable in the bottom panel
of Figure 6.8). In this group are 0420-014 (#3), 1156+295 (#13), 1308+326 (#16),
1406-076 (#17), 1730-130 (#22), 3C279 (#28), and 3C345 (#29).
I will now address the specific questions of this thesis.
Question: Is there a different distribution in the αγ - αo plane for BL
Lacs and FSRQs or for objects in a quiescent or an active state?
The plot of quiescent states in Figure 6.8b shows a strong separation between
the BL Lacs and the FSRQs. This strongly implies that BL Lacs and FSRQs
form separate populations. A difference in αγ between the two subclasses has
been found in previous studies (Abdo et al., 2009, 2010c; Ackermann et al., 2011),
with FSRQs clustering in the softer spectrum region and the BL Lacs in the harder
spectrum region. However, this separation is not as apparent in the plot of active
states (Figure 6.8a). Recall that Γγ is allowed to vary for the active states while
I used a fixed value taken from the 2FGL catalog for each object during quiescent
states. Abdo et al. (2010b) found a weak “harder when brighter” effect for all but
high synchrotron peaked blazar (HSP) BL Lacs, as had been previously suggested
by Ghisellini et al. (2009) for both classes when comparing some measurements from
Fermi and EGRET. For this sample of blazars, a significant “harder when brighter”
effect is seen in the γ-ray spectral index for FSRQs, but not for BL Lacs. Further-
more, not only does αγ change between quiescent and active states for the FSRQs,
but αo changes as well. In fact, the change in magnitude is even greater for αo than
for αγ , as seen in Table 6.2. Meanwhile, the BL Lacs change little except for spread-
ing into a wider range of values of αo in an active state. In the αγ - αo plane, the
two subclasses display different behaviors while quiescent, but appear more similar
when active. This would seem to suggest that there is a difference between BL Lacs
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and FSRQs while in a quiescent state, but the physical properties of their flares are
similar.
Question: Is there a correlation between αγ and αo?
To answer this question, I computed Spearman’s rank correlation coefficients
for BL Lacs that are quiescent, active, and in either state; FSRQs that are quiescent,
active, and in either state; and both BL Lacs and FSRQs in quiescent, active, and
either state. I used the IDL routine R Correlate that tests the null hypothesis.
The results are displayed in Table 6.3. Column 2 provides the number of data points
in the computation. Column 3 provides the rank correlation coefficient, and column
4 provides the likelihood that the pair are uncorrelated; the lower the number, the
higher the confidence that the two items are correlated. These data indicate that
there is a correlation for BL Lac quiescent states at the 99.7% confidence level with
αo getting closer to zero as αγ does the same. The BL Lac active states show a
similar trend with a ∼92% confidence. Combining all states, the BL Lacs appear
well correlated. There is weak confidence (89.9%) that the FSRQs in quiescence show
an anti-correlation, with αo getting closer to zero as the γ-ray spectrum steppens.
There is no significant correlation for active FSRQs. The combined FSRQs appear
anti-correlated, but this is driven by both the quiescent states and the outliers in
the active state. The strongest probable correlation is for all quiescent states (anti-
correlated); however, this is questionable because epochs for the FSRQs outnumber
the BL Lacs by 40 to 24.
6.2.2 The αγ − αx Plane
Figure 6.10 plots the spectral indices of all selected epochs for all blazars in the
sample, plotted as αγ vs. αx. BL Lac objects are plotted in blue, FSRQ objects in
red/yellow, and radio galaxies in green. Active states are plotted in darker colors.
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Table 6.3. Spearman’s (rho) Rank Correlation: αγ and αo
Number Rank Correlation
of Epochs Coefficient Significance
(1) (2) (3) (4)
BL Lac Quiescent 24 0.588 0.003
BL Lac Active 24 0.361 0.083
All BL Lacs 48 0.481 0.001
FSRQ Quiescent 40 -0.263 0.101
FSRQ Active 31 -0.027 0.885
All FSRQs 71 -0.254 0.033
All Quiescent 64 -0.490 4.014E-05
All Active 55 0.022 0.875
All FSRQ and BL Lacs 119 -0.291 0.001
Obviously, the same trends in αγ exist here as in Section 6.2.1, so I will not repeat
them. The separation between BL Lacs and FSRQs appears more prominent in this
plane than in the αγ - αo plane.
As in the previous section, I replot this data to illuminate additional trends
and address specific questions. These are provided in Figures 6.11 and 6.12. The
active BL Lacs display four epochs with a steeper αx than others: 1219+185 (#14),
both epochs for 3C66A (#24), and Mkn421 (#34). We again see the active fourth
epoch of FSRQ 3C279 (#28) and the quiescent second epoch of FSRQ 0836+710
(#9) isolated in the steep region of αγ . (The first epoch of 0836+710 has no X-ray
data.) Additionally, the quiescent first epoch of 3C446 (#30) is isolated in the region
of flat X-ray spectra.
I will now address the specific questions of this thesis.
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Fig. 6.10: Spectral indices of all selected epochs for all blazars in the sample, plotted
as αγ vs. αx. BL Lac objects are plotted in blue, FSRQ objects in red/yellow, and
radio galaxies in green. Active states are plotted in darker colors and as circles,
quiescent states as squares.
Question: Is there a different distribution in the αγ - αx plane for BL
Lacs and FSRQs or for objects in a quiescent or an active state?
Figures 6.10 and 6.11 show a distinct separation in the αγ - αx plane for the two
subclasses, with only slight overlap. For both active and quiescent states, the FSRQs
have a flatter αx than the BL Lacs, which suggests that the inverse Compton com-
ponent is stronger than other emission components at this frequency for the FSRQs.
The small spread in values of αx, previously observed in Table 6.1, is apparent for
the FSRQs. Within a subclass, however, there is no separation in the αγ - αx plane
(Figure 6.12).
Question: Is there a correlation between αγ and αx?
To answer this question, I computed Spearman’s rank correlation coefficients
for quiescent, active, and all BL Lacs, quiescent, active, and all FSRQs, both BL
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Fig. 6.11: Spectral indices of all selected epochs for all blazars in the sample, plotted
as αγ vs. αx. Panel (a) plots the active epochs and panel (b) plots quiescent states.
Labels refer to the object’s reference number (see Table 3.1) and epoch number.
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Fig. 6.12: The spectral indices of all selected epochs for all blazars in the sample,
plotted as αγ vs. αx. Panel (a) plots the BL Lacs and panel (b) plots the FSRQs.
Labels refer to the object’s reference number (see Table 3.1) and epoch number.
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Table 6.4. Spearman’s (rho) Rank Correlation: αγ and αx
Number Rank Correlation
of Epochs Coefficient Significance
(1) (2) (3) (4)
BL Lac Quiescent 15 -0.732 0.002
BL Lac Active 15 -0.504 0.056
All BL Lacs 30 -0.609 3.57E-04
FSRQ Quiescent 24 -0.074 0.733
FSRQ Active 23 -0.266 0.220
All FSRQs 47 -0.144 0.334
All Quiescent 39 -0.647 8.48E-06
All Active 38 -0.484 0.002
All FSRQ and BL Lacs 77 -0.557 1.41E-07
Lacs and FSRQs in quiescent states, both BL Lacs and FSRQs in active states,
and both states of all blazars. The results are in Table 6.4, organized identically
with Table 6.3. We have a high anti-correlation (99.8% probability) of BL Lacs in a
quiescent state, with a somewhat less confident (94.4% probability) anti-correlation
for active BL Lacs. The combined active and quiescent BL Lacs have a strong
anti-correlation. FSRQs are not correlated in either state. Combining subclasses
creates strong anti-correlations, driven by the separation of X-ray spectral index
values between subclasses. It is interesting that all correlations are negative for this
plane.
6.2.3 The αx − αo Plane
Figure 6.13 plots the spectral indices of all selected epochs for all blazars in the
sample, plotted as αx vs. αo. BL Lac objects are plotted in blue, FSRQ objects in
red/yellow, and radio galaxies in green. Active states are plotted in darker colors.
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The two subclasses appear to behave quite differently. As in the previous section,
I replot these data to illuminate additional trends and address specific questions.
These are provided in Figures 6.14 and 6.15.
I will now address the specific questions of this thesis.
Question: Is there a different distribution in the αx and αo plane for
BL Lacs and FSRQs or for objects in a quiescent or an active state?
Figures 6.13 and 6.14 show a separation between subclasses, reflected in the dif-
ferent behaviors in the two panels of Figure 6.15. The optical spectra of BL Lacs get
closer to zero as the X-ray spectra become steeper. This is in accord with the classi-
fication and model of Abdo et al. (2010d) (see Figure 1.5). According to this model,
in V band, steeper αo should belong to low synchrotron peaked blazars (LSPs). In-
deed, in general, the LSPs are in the left half of Figures 6.14a and 6.15a. This
suggests that inverse Compton scattering is more important for the LSPs than the
intermediate synchrotron peaked blazars (ISPs) or HSPs. The FSRQs display very
different behavior, showing no change in αx across a range of αo values.
Question: Is there a correlation between αx and αo?
To answer this question, I computed Spearman’s rank correlation coefficients
for BL Lacs in quiescent, active, and either state, FSRQs in quiescent, active, and
either state, and both BL Lacs and FSRQs in quiescent, active, and either state. The
results are given in Table 6.5, organized identically with Table 6.3. This plane has the
weakest correlation of the three planes. The BL Lacs in both states (Figure 6.15a)
show a strong anti-correlation. Quiescent states for combined subclasses (Figure
6.14b) shows a correlation, driven more by the difference between states than by a
true correlation across states.
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Fig. 6.13: Spectral indices of all selected epochs for all blazars in the sample, plotted
as αx vs. αo. BL Lac objects are plotted in blue, FSRQ objects in red/yellow, and
radio galaxies in green. Active states are plotted in darker colors and as circles,
quiescent states as squares.
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Fig. 6.14: Spectral indices of all selected epochs for all blazars in the sample, plotted
as αx vs. αo. Panel (a) plots the active epochs and panel (b) plots quiescent states.
Labels refer to the object’s reference number (see Table 3.1) and epoch number.
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Fig. 6.15: Spectral indices of all selected epochs for all blazars in the sample, plotted
as αx vs. αo. Panel (a) plots the BL Lacs and panel (b) plots the FSRQs. Labels
refer to the object’s reference number (see Table 3.1) and epoch number.
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Table 6.5. Spearman’s (rho) Rank Correlation: αx and αo
Number Rank Correlation
of Epochs Coefficient Significance
(1) (2) (3) (4)
BL Lac Quiescent 15 -0.650 0.009
BL Lac Active 15 -0.707 0.003
All BL Lacs 30 -0.715 8.92E-06
FSRQ Quiescent 24 0.125 0.560
FSRQ Active 23 0.144 0.511
All FSRQs 47 0.096 0.519
All Quiescent 39 0.365 0.022
All Active 38 0.031 0.852
All FSRQ and BL Lacs 77 0.203 0.077
6.3 The αox − αxg Plane
The last examination will be of the αox - αxg plane. Figures 6.16 and 6.17
present the histograms of the distribution of the spectral indices. Figure 6.18 plots
the spectral indices of all selected epochs for all blazars in the sample, plotted as
αxg vs. αox. BL Lac objects are plotted in blue, FSRQ objects in red/yellow, and
radio galaxies in green. Active states are plotted in darker colors. As with the earlier
three planes, I replot these data to illuminate additional trends and address specific
questions. These are provided in Figures 6.19 and 6.20.
The most striking feature of these plots is the line of active FSRQs in the flat
(closer to zero) region of αxg. The strong anti-correlation of this group is obvious.
These quasars have stood out before: they are the objects with the strongest nor-
malized flux in our sample, as found in Figure 4.5, 3C454.3 (#31), CTA102 (#33),
1222+216 (#15), 1510-089 (#18), and 0836+710 (#9). Missing from that list is
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3C273 (#27), which is located in an area of its own having αox and αxg values of
−1.26 and −0.94 and of −1.22 and −0.90, respectively, for the two points. Figure
6.19 suggests that, for these strong flares, the flux increases in both the gamma-ray
and optical regions with a small or zero change in the X-ray. This would cause a
steepening of αox with a flattening of αxg.
I will now address the specific questions of this thesis.
Question: Is there a different distribution in the αox and αxg plane for
BL Lacs and FSRQs or for objects in a quiescent or an active state?
In all figures, it is apparent that the BL Lacs generally remain moderately
grouped with a steeper (higher negative value) αxg than the FSRQs. They have a
relatively stable value of both both indices between states, with the active BL Lacs
slightly flatter in both indices. Most quiescent FSRQs have a similar αxg range as
the BL Lacs, but with a flatter αox. There are five FSRQs in quiescence that deviate
from the common αxg range, possessing a steeper index: 0827+243 (#7), 0836+714
(#9), 1127−145 (#12), 1611+343 (#19), and 3C273 (#27). Some active FSRQs
stay clustered with the quiescent states, but those with strong flares are conspicuous
with their separation from the central cluster of index values.
Question: Is there a correlation between αox and αxg?
To answer this question, I computed Spearman’s rank correlation coefficients
for BL Lacs in quiescent, active, or either state, FSRQs in quiescent, active, or
either state, and both BL Lacs and FSRQs in quiescent, active, and either state.
The results are listed in Table 6.6, organized identically as Table 6.3. All cases
demonstrate probable anti-correlations except active BL Lacs.
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Fig. 6.16: Distributions of the optical−X-ray spectral indices. FSRQ objects are
plotted in red. BL Lac objects are plotted in blue. Quiescent and active states are
plotted separately.
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Fig. 6.17: Distributions of the X-ray−gamma-ray spectral indices. FSRQ objects
are plotted in red. BL Lac objects are plotted in blue. Quiescent and active states
are plotted separately.
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Fig. 6.18: Spectral indices of all selected epochs for all blazars in the sample, plotted
as αxg vs. αox. BL Lac objects are in blue, FSRQ objects in red/yellow, and radio
galaxies in green. Active states are plotted in darker colors.
Table 6.6. Spearman’s (rho) Rank Correlation: αxg and αox
Number Rank Correlation
of Epochs Coefficient Significance
(1) (2) (3) (4)
BL Lac Quiescent 15 -0.518 0.048
BL Lac Active 15 -0.407 0.132
All BL Lacs 30 -0.402 0.028
FSRQ Quiescent 24 -0.365 0.079
FSRQ Active 23 -0.431 0.040
All FSRQs 47 -0.261 0.076
All Quiescent 39 -0.338 0.035
All Active 38 -0.081 0.630
All FSRQ and BL Lacs 77 -0.186 0.106
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Fig. 6.19: Spectral indices of all selected epochs for all blazars in the sample, plotted
as αxg vs. αox. Panel (a) plots the active epochs and panel (b) plots quiescent states.
Labels refer to the object’s reference number (see Table 3.1) and epoch number.
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Fig. 6.20: Spectral indices of all selected epochs for all blazars in the sample, plotted
as αxg vs. αox. Panel (a) plots the BL Lacs and panel (b) plots the FSRQs. Labels
refer to the object’s reference number (see Table 3.1) and epoch number.
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Chapter 7
Discussion and Conclusions
7.1 Discussion
I have presented several plots and tables of data in the previous chapters. Many
have suggested or confirmed a different behavior between the two blazar subclasses,
BL Lacs and flat spectrum radio quasars (FSRQs), and between quiescent and active
states within a subclass. This raises the question “Is there a ‘typical’ quiescent or
active BL Lac or FSRQ?” I attempt here to summarize and contrast the results by
activity state within each subclass.
The “typical” quiescent BL Lac:
(a) has quiescent states lasting an average of 51 days in the object’s rest frame;
(b) has a mean value of αo equal to −1.4± 0.3;
(c) has a mean value of αx equal to −1.2 ± 0.3;
(d) has a mean value of αγ equal to −1.12± 0.17;
(e) has a 99.7% probability of a correlation between αγ and αo;
(f) has a 99.8% probability of an anti-correlation between αγ and αx;
(g) has a 99.1% probability of an anti-correlation between αx and αo ; and
(h) has a 95.2% probability of an anti-correlation between αox and αxg.
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The relatively flat gamma-ray spectrum suggests that the value of νICpeak is typically
around 0.5 GeV. The larger deviation in the X-ray spectral index is likely a result of
ν
synch
peak varying significantly from one BL Lac to another.
The “typical” active BL Lac:
(a) has active states lasting an average of 24 days;
(b) is the only state of either subclass with a wide spread of values for αx (standard
deviation exceeding 0.4);
(c) has a mean value of αγ equal to −1.14± 0.21;
(d) has a moderate 91.7% probability of a correlation between αγ and αo ;
(e) has a 94.4% probability of an anti-correlation between αγ and αx ; and
(f) has a 99.7% probability of an anti-correlation between αx and αo.
Statistically, little defines a “typical” active BL Lac.
Contrasting between activity states, a “typical” BL Lac:
(a) has average quiescent periods lasting 2.2 times longer than average active periods;
(b) has spectral indices that tend to have neither flatter nor steeper spectra between
states in optical or gamma-ray;
(c) has a spectral index in X-ray that is weakly “flatter when quiet”;
(d) increases the dispersion of spectral index values in X-ray when active;
(e) maintains a consistent mean value of the gamma-ray spectral index;
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(f) flattens when active in all spectral index relationships except the αx − αo rela-
tionship (where it changes very little), according to the rank correlation coeffi-
cients.
This lack of distinct contrast between an active and quiescent state for BL
Lacs could be caused by either the entire spectrum moving upward or downward
coherently between activity states or the occurrence of both flattening and steep-
ening of the spectra that average out over the sample of sources. The latter ap-
pears to be the case given the deviations in the data. As discussed in Chapter 1,
historically these objects have been known to have a νsynchpeak value that varies by
object from the far infrared to the ultraviolet. Both Padovani & Giommi (1995b)
and Abdo et al. (2010d) divided BL Lacs into sub-groups based on their value of
ν
synch
peak . As is evident in Figure 1.5, as the value of ν
synch
peak shifts to higher frequen-
cies, the spectral energy distribution (SED) changes dramatically, which should af-
fect all of the spectral indices used in this analysis. Five of the BL Lacs in this
study have an SED classification of low synchrotron peaked blazar (LSP), six as an
intermediate synchrotron peaked blazar (ISP), and one as a high synchrotron peaked
blazar (HSP) (see Table 3.1). My technique separates active and quiescent states,
with spectral indices computed separately for each. I display the SEDs for the BL
Lacs in this study by SED classification in Figure 7.1 and 7.2. Although I did not
model the SED and compute νsynchpeak , it can be approximately inferred from the plots,
and most sources exhibit differences between states. Changes in αx are also ap-
parent. If νsynchpeak varies for each object, when superimposed the distinctions will
be smeared. Studying the BL Lac objects by SED classification and separated by
different activity states would test this classification scheme.
The only plane in which the BL Lacs seem to display a coherent change between
activity states is the αxg and αox plane. Both indices appear to slightly flatten when
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(4) 2008−11−19 RJD = 4790.05 o/x: −1.327; x/gamma: −0.748
(3) 2008−9−20 RJD = 4729.76 o/x: −1.412; x/gamma: −0.674
(2) 2009−10−24 RJD = 5128.68 o/x:    NaN; x/gamma:    NaN
(1) 2009−9−13 RJD = 5087.77 o/x: −1.147; x/gamma: −0.769
(a)
14 16 18 20 22 24
log ν[Hz] (rest frame)
−13.5
−13.0
−12.5
−12.0
−11.5
−11.0
−10.5
lo
g(ν
F ν
) [e
rg 
cm
−
2  
s−
1 ]
0735+178                   
(4) 2012−5−22 RJD = 6070.40 o/x: −1.246; x/gamma: −0.808
(3) 2009−10−26 RJD = 5130.95 o/x:    NaN; x/gamma:    NaN
(2) 2012−3−24 RJD = 6011.28 o/x:    NaN; x/gamma:    NaN
(1) 2010−11−2 RJD = 5503.00 o/x: −1.502; x/gamma: −0.754
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0829+046                   
(4) 2010−2−6 RJD = 5234.34 o/x:    NaN; x/gamma:    NaN
(3) 2010−3−24 RJD = 5279.66 o/x:    NaN; x/gamma:    NaN
(2) 2012−6−11 RJD = 6089.71 o/x: −1.444; x/gamma: −0.804
(1) 2011−4−12 RJD = 5663.74 o/x:    NaN; x/gamma:    NaN
(c)
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1055+018                   
(4) 2011−5−27 RJD = 5709.31 o/x: −1.248; x/gamma: −0.799
(3) 2011−4−13 RJD = 5664.80 o/x:    NaN; x/gamma:    NaN
(2) 2010−4−18 RJD = 5305.33 o/x: −1.164; x/gamma: −0.860
(1) 2012−4−29 RJD = 6046.73 o/x:    NaN; x/gamma:    NaN
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1749+096                   
(4) 2010−11−2 RJD = 5502.79 o/x: −1.155; x/gamma: −0.853
(3) 2010−8−18 RJD = 5427.24 o/x: −1.404; x/gamma: −0.766
(2) 2012−7−26 RJD = 6135.33 o/x:    NaN; x/gamma:    NaN
(1) 2012−5−23 RJD = 6070.82 o/x:    NaN; x/gamma:    NaN
(e)
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Mkn421                   
(4) 2012−7−14 RJD = 6123.29 o/x:    NaN; x/gamma:    NaN
(3) 2011−1−12 RJD = 5574.42 o/x: −1.253; x/gamma: −1.026
(2) 2011−5−30 RJD = 5711.65 o/x: −0.965; x/gamma: −1.181
(1) 2010−4−11 RJD = 5297.59 o/x: −0.965; x/gamma: −1.100
(f)
Fig. 7.1: SEDs of all BL Lac LSPs and the single HSP.
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0716+714                   
(4) 2012−3−25 RJD = 6011.64 o/x: −1.542; x/gamma: −0.822
(3) 2011−10−25 RJD = 5859.50 o/x: −1.489; x/gamma: −0.737
(2) 2011−1−26 RJD = 5587.75 o/x: −1.591; x/gamma: −0.771
(1) 2009−2−19 RJD = 4882.18 o/x: −1.517; x/gamma: −0.873
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0954+658                   
(4) 2011−4−16 RJD = 5667.83 o/x:    NaN; x/gamma:    NaN
(3) 2011−3−15 RJD = 5636.23 o/x:    NaN; x/gamma:    NaN
(2) 2008−11−11 RJD = 4781.70 o/x:    NaN; x/gamma:    NaN
(1) 2008−10−27 RJD = 4766.69 o/x:    NaN; x/gamma:    NaN
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1219+285                   
(4) 2010−3−31 RJD = 5286.50 o/x: −1.490; x/gamma: −0.806
(3) 2009−2−15 RJD = 4877.82 o/x: −1.550; x/gamma: −0.786
(2) 2012−3−1 RJD = 5988.44 o/x: −1.554; x/gamma: −0.837
(1) 2010−4−28 RJD = 5315.35 o/x: −1.627; x/gamma: −0.777
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3C66A                   
(4) 2009−12−16 RJD = 5181.60 o/x: −1.562; x/gamma: −0.755
(3) 2008−10−5 RJD = 4744.66 o/x: −1.443; x/gamma: −0.757
(2) 2012−9−15 RJD = 6185.91 o/x:    NaN; x/gamma:    NaN
(1) 2011−8−10 RJD = 5784.41 o/x: −1.503; x/gamma: −0.780
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BL Lacertae                   
(4) 2012−8−27 RJD = 6167.26 o/x:    NaN; x/gamma:    NaN
(3) 2011−7−2 RJD = 5744.50 o/x: −1.494; x/gamma: −0.734
(2) 2010−11−3 RJD = 5503.69 o/x: −1.370; x/gamma: −0.884
(1) 2009−7−21 RJD = 5033.52 o/x: −1.392; x/gamma: −0.854
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OJ287                   
(4) 2012−4−21 RJD = 6038.51 o/x:    NaN; x/gamma:    NaN
(3) 2009−10−25 RJD = 5129.85 o/x: −1.339; x/gamma: −0.821
(2) 2010−5−23 RJD = 5340.49 o/x: −1.347; x/gamma: −0.848
(1) 2010−4−10 RJD = 5296.54 o/x: −1.426; x/gamma: −0.863
(f)
Fig. 7.2: SEDs of all BL Lac ISPs.
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active. This suggests that inverse Compton scattering is becoming relatively more
important.
The “typical” quiescent FSRQ:
(a) has quiescent states lasting an average of 57 days;
(b) has a preferred value of αx equal to −0.61± 0.26;
(c) has a preferred value of αγ equal to −1.46± 0.17;
(d) has a small sub-group of sources with a steeper αo than the majority of sources;
(e) is strongly “flatter when quiet” in the optical;
(f) has no correlations in any spectral index relationship except that between αox
and αxg, which are anti-correlated with a moderate 92.1% probability.
The “typical” active FSRQ:
(a) has active states lasting an average of 23 days;
(b) has a mean value of αx equal to −0.63± 0.18;
(c) has a preferred value of αγ equal to −1.30± 0.22;
(d) is significantly “flatter when active” in the gamma-ray;
(e) has a small sub-group of sources with a substantially flatter αo than the range
of the majority of sources; and
(f) has no correlations in any spectral index relationship except that between αox
and αxg, which are anti-correlated with 96.0% probability.
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In the αox − αxg relation, there is no typical FSRQ behavior, although there is an
obvious anti-correlation among most of the sources that have undergone the highest-
amplitude flares.
Contrasting between activity states, a “typical” FSRQ:
(a) for 75% of the epochs, has a steeper optical spectrum while in an active state
than in a quiescent state;
(b) for 93% of the epochs, has a flatter gamma-ray spectrum while in an active state
than in a quiescent state;
(c) maintains a consistent mean value of the X-ray spectral index;
(d) flattens when active in the αγ − αo relationship, according to the rank correla-
tion coefficients; and
(e) steepens when active in the αγ − αx relationship, according to the rank corre-
lation coefficients.
In contrast to the active BL Lacs, the active FSRQs do have a preferred value of
αx, but this value changes little between quiescent and active states. Apparently,
during an active state the X-ray emission either varies little or increases/decreases
coherently, while the optical and the gamma-ray spectral indices are changing signif-
icantly. This is most likely due to inverse Compton scattering from lower energy (<
1 GeV) electrons.
Contrasts between subclasses
The BL Lacs tend to fluctuate between states 1.4 times more frequently than the
FSRQs, spending ∼ 10% less time in an average quiescent state, but a remarkably
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similar length of time in an average active state (∼ 23 days). Each subclass had an
average of ∼ 190 days in the longest uninterrupted quiescent period, but the average
BL Lac had a longer uninterrupted active period: 70 days to 53 days.
The objects with the largest ratio of maximum to mean gamma-ray flux are all
FSRQs. The average ratio of maximum to mean flux is 5.1 for BL Lacs and 10.7 for
FSRQs. However, without the six sources exhibiting the largest values of maximum
to mean fluxes (i.e., that of 3C454.3, CTA102, 1222+216, 3C273, 1510−089, and
0836+710), the normalized maximum flux average for FSRQs drops to 3.8.
Earlier studies noted a significant difference between the values of αγ for BL
Lacs and FSRQs, with the BL Lacs having flatter gamma-ray spectra. I measure a
similar average difference (0.34±0.24) as do Ackermann et al. (2011), but only when
the objects are in a quiescent state. This difference becomes insignificant (0.16±0.30)
for active objects. Additionally, I see a similar difference between subclasses in αo
while in a quiescent state (see Figure 6.8), although the deviation for FSRQs is too
great to assign a statistical difference. Again this difference lessens when the sources
are in an active state. The changes in these two spectral indices suggests that BL Lacs
and FSRQs display separate characteristics while quiescent, but become increasingly
similar when active.
The behavior of αx across subclasses, particularly differences in behavior be-
tween αγ and αx , is apparent in both active and quiescent states (see Figure 6.11).
The difference in the mean values of the X-ray spectral index across subclasses is ∼
0.9 (with the caveat that the deviation in active BL Lacs is too great to assign a
statistical difference).
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7.2 Implications for Physical Models
All of the FSRQs in this sample are classified as LSPs, so the inverse Compton
component is important in the X-ray regime. The finding that αx remains stable
between activity states while the flux in the gamma-ray regime increases, conflicts
with the external Compton model for X-ray emission. Alternatively, it is possible that
the X-ray emission is coming from a region that is not as greatly Doppler-boosted as
is the gamma-ray emission.
Figure 6.18 suggests at least three distinct behaviors for active FSRQs. One
group becomes tightly clustered, with both indices moving closer to zero. A second
group, all associated with strong flares, displays a distinct anti-correlation in the
flatter αxg region, becoming steeper in αxg as αox flattens. The third group consists
of the two outliers with steeper αox and αxg than the central cluster of FSRQs:
3C273 (both epochs with lower values of αxgu 0.92) and 1156+295 (with a steeper
value of αox than the cluster of sources, −1.2 and −1.4). The behavior of 3C273
may be explained by its dominant “big blue bump” and strong thermal component
to its X-ray emission (Grandi & Palumbo, 2004).
The only plane in which the BL Lacs seem to display a coherent change between
activity states is the αxg − αox plane. Both indices harden from quiescent to active.
The “big blue bump” is more prominent in FSRQs during periods of quies-
cence. However, in 1633+382 and 3C345 it seems to have no effect between activity
states. In 3C345, the bump remains when the source is active, suggesting that the
accretion disk is unusually bright in this object. For 1633+382, Raiteri et al. (2012)
reported the same steep, curved spectrum seen here and suggested that it was due to
the thermal contribution from the accretion disk peaking around the U-band when
the source is in a weakened state. Apparently, the contribution in U-band remains
significant in an active state, as well.
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7.3 Future Work
With the data for these objects now reduced and organized, a myriad of studies
can be accomplished. A partial list includes the following:
• Examining the behavior of the sources based on SED class could test the clas-
sification scheme proposed by Abdo et al. (2010d). Especially valuable would
be to study the value of νsynchpeak between activity states of individual BL Lacs
to see the effect on the SED classification of the object.
• Several objects are well-sampled and could be studied on a daily, or shorter,
time-scale. Comparing the daily changes during flaring episodes for several
individual objects, or for the same source in a few cases, would provide insight
into the variable nature of flaring activity.
• Further insight into the variable nature could be accomplished by measuring
and contrasting the fluence (time-integrated flux density) during active and
flaring episodes.
• The suggestion that objects do not change much during quiescent periods could
be tested by comparing all quiescent epochs for the well-sampled sources.
• Most plots had outliers, many of which may have individual peculiarities that
should be studied.
• Timing analysis of the discrete correlation function on light curves across dif-
ferent wavebands would provide additional insight into correlations between
wavebands and statistical properties (especially the power spectrum of flux
variations at each waveband).
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• This thesis defines quiescent and active states based on activity in the gamma-
ray regime. A similar examination could be accomplished while defining the
state from activity in the other frequency bands.
7.4 Summary and Conclusions
I have assembled, and appropriately de-reddened at optical and UV wavelengths,
observational measurements obtained from 2008 through 2012 on 35 blazars by ten
ground- and space-based observatories. For Swift data, I reduced both the XRT
and the UVOT data. I standardized the data format across NIR to UV wavelengths
and created an orderly and easily accessible filing structure. I wrote IDL programs
and UNIX scripts to simplify future upkeep. Additionally, I wrote a widget-based
program to generate light curves for any selected source object over any selected
time period for any group of frequency bands, and a parameter-driven program to
generate an SED and compute an optical spectral index for any selected epoch of
data. These programs were used to generate the extensive series of figures in Section
B.
To analyze these data, I computed a mean flux value for each frequency band for
each source and used these values to determine whether the object was in a quiescent
or active state in each band. The state of the object in the gamma-ray band was
the basis for this analysis, defining quiescent and active periods. The frequency and
length of quiescent and active periods and the maximum flux achieved during active
periods were contrasted for the BL Lacs and FSRQs. Up to four epochs per source
were selected for further analysis, two while the source was in a quiescent state and
two while in an active state (both defined in the gamma-ray band). All infrared
through X-ray observations selected for an epoch were obtained within a 24-hour
period, with an average span of 9.1 hours. The typical bin size for Fermi data
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was seven days, although data for quiescent periods often were obtained over longer
periods. Using these data, I generated plots of pairs of indices and ran correlation
analyses to illuminate trends.
Some key findings are:
1. Although blazars separate into two distinct classes between αγ and αo while
in a quiescent state, this distinction begins to blur when the objects are in
an active state. This suggests that there is a difference between BL Lacs and
FSRQs while in a quiescent state, but the physical properties of their flares
may be similar.
2. BL Lacs exhibit little variation of mean spectral indices between activity states,
supporting the suggestion of a weak or inefficient accretion disk.
3. FSRQs exhibit significant changes in both the optical (“flatter when quiet”)
and gamma-ray (“flatter when active”) spectral indices.
4. The FSRQs remain stable in the X-ray spectra between activity states, and have
a flatter spectral index in both states than BL Lacs, which implies that inverse
Compton scattering by < 1 GeV electrons can explain their X-ray emission.
5. The spectral indices of the FSRQs with the most extreme maximum flux are
distinctly different from the other active FSRQs. This is especially evident in
the X-ray to gamma-ray spectral index, but is generally true for all FSRQs.
This suggests that synchrotron self-Compton (SSC) emission is insufficient to
explain the gamma-ray flux in these objects, since the SSC αxg index should
remain stable across activity states.
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Appendix A
Calibration Plots
The calibration plots are presented on the following pages (see Section 2.5).
Each panel compares the flux difference between two observatories per band per
24-hour period (RJD) per object. Each point displays the difference between the
flux density (in mJy) obtained from the primary observatory in this comparison
and the unweighted mean of data obtained at other observatories. Measurements are
printed only if the 24-hour period included data from both the primary and secondary
observatories. The data herein are printed such that the primary observatory can be
compared to the secondary observatory for calibration analysis. Only observations
during periods of quiescent activity are included so as to minimize the object’s natural
source variations in time. The mean difference of the primary observatory to all other
observatories is provided. The color and shape of the symbols identify the primary
observatory and are explained in Section B.1.
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Fig. A.1
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Fig. A.1: (continued)
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Appendix B
Light Curves, SEDs, and Spectral Index
Plots
B.1 Explanation of Symbols and Colors
In this appendix, I present the light curves, plots showing the computation of
the optical spectral index (αo), and the spectral energy distributions (SEDs) of the
35 sources used in this analysis. These figures are organized by source, with panels
(a) presenting the light curves, panels (b) presenting the αo plot, and panels (c)
presenting the SEDs.
The light curves are displayed in panels (a) in a series of sub-panels, with each
sub-panel presenting the light curve for a particular frequency band. The top sub-
panel is the light curve for the gamma-ray data obtained from Fermi. Below that is
the light curve for the X-ray data from Swift. The third sub-panel presents the light
curves for the three ultraviolet bands of data from Swift. Beginning with the fourth
sub-panel, light curves are presented for the optical through near-infrared bands,
in the order U, B, V, R, I, J, H, and K, if available. The observatory making the
measurement is identified by the color and shape of the symbol. Table B.1 presents
the legend for the observatories. As explained in Section 5, up to four epochs per
source were selected for analysis. These are indicated on the light curve plots by
vertical, dashed lines. Each epoch is identified with a number and a color. Quiescent
epochs are colored blue and green, active epochs yellow and red. The horizontal
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lines indicate the mean flux level, 〈Fb〉, of all of the observations of the source within
an energy band, where b is the referenced band. As explained in Section 4, I set a
quiescent flux level to be below 〈Fb〉 - 3σ; this line appears in blue on the plots. I set
an active flux level to be above 〈Fb〉 + 5σ; this line appears in green. I further define
a flaring flux level as when the flux exceeded 〈Fb〉 + 25σ; this line appears in red. The
computations for 〈Fb〉 are done on the extinction-corrected fluxes; thus, horizontal
lines on the magnitude-based light curve plots should be considered approximate.
The optical spectral index, αo, plots in panels (b) present the results of the
computation of the spectral index as performed on each of the selected epochs. Each
epoch retains the identifying color and epoch number as displayed on the light curves.
The symbols (but not the color) indicate the observatory making the measurement
(Table B.1). The weighted linear least-square computation is described in Section
5.3.1, and the plotted line represents the result of that computation. When data at
a given epoch display an obvious break in the power law, measurements beyond the
curvature are excluded from this computation. This is obvious on the spectral index
plots, as the least-square fitted line will not extend through the excluded bands. (One
that is not obvious is the second epoch for 1127-145. The SMARTS R-band point was
not included in the computation as its value was questionable on the light curve and
calibration plots.) For convenience, the value of αo is displayed for each epoch along
with the standard deviation of the data. The frequency band of the observation is
denoted immediately above the X-axis. Frequencies have been adjusted for redshift;
i.e., they are rest-frame frequencies.
The SEDs in panels (c) display the flux data for each selected epoch in terms
of log(νFν) versus log(ν), with the frequency adjusted to the object’s rest frame.
Each epoch retains the identifying color and epoch number as displayed on the light
curves. The symbols (but not the color) refer to the observatory making the mea-
147
Table B.1: Observatory Legend
Sym-
bol Observatory
Fermi Gamma Ray Space Telescope
Swift space satellite
  -UVW2
  -UVM2
  -UVW1
Perkins telescope of Lowell Observatory (Flagstaff, AZ)
AZT-8 (Crimea, Ukraine)
Campo Imperatore, Italy
Liverpool (Observatorio del Roque de Los Muchachos, La Palma, Spain)
LX-200 (St. Petersburg, Russia)
MAPCAT (Calar Alto)
SMARTS consortium
Steward Observatory at the University of Arizona
Note. — The symbols identify the observatory making the measurement. The
color of the symbol also identifies the observatory on the light curves,
but not on the spectral index plots or the SEDs.
surement (Table B.1). For convenience, αox and αxg are shown, if Swift X-ray data
are available for the epoch.
B.2 Light Curves, Spectral Index Plots, and SEDs
The light curves, spectral index plots, and SEDs, for each source begin on the
following page.
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Fig. B.1: 0235+164: (a) Light curves; (b) optical spectral index; and, (c) SED
of 0235+164. Epochs are identified by color. Symbols identify the sources of the
measurements. Horizontal lines on the light curves indicate the 〈Fb〉 values (only
approximate locations on magnitude plots). Section B.1 provides further detail.
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Fig. B.1: 0235+164 (continued)
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Fig. B.2: 0336-019: (a) Light curves; (b) optical spectral index; and, (c) SED
of 0336-019. Epochs are identified by color. Symbols identify the sources of the
measurements. Horizontal lines on the light curves indicate the 〈Fb〉 values (only
approximate locations on magnitude plots). Section B.1 provides further detail.
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(3) 2011−9−27 RJD = 5832.46 o/x:    NaN; x/gamma:    NaN
(2) 2009−3−26 RJD = 4917.23 o/x: −1.154; x/gamma: −0.860
(1) 2008−9−25 RJD = 4734.52 o/x:    NaN; x/gamma:    NaN
(c)
Fig. B.2: 0336-019 (continued)
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Fig. B.3: 0420-014: (a) Light curves; (b) optical spectral index; and, (c) SED
of 0420-014. Epochs are identified by color. Symbols identify the sources of the
measurements. Horizontal lines on the light curves indicate the 〈Fb〉 values (only
approximate locations on magnitude plots). Section B.1 provides further detail.
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(c) In the computation of αox for Epoch 4, J-Band data were used.
Fig. B.3: 0420-014 (continued)
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Fig. B.4: 0528+134: (a) Light curves; (b) optical spectral index; and, (c) SED
of 0528+134. Epochs are identified by color. Symbols identify the sources of the
measurements. Horizontal lines on the light curves indicate the 〈Fb〉 values (only
approximate locations on magnitude plots). Section B.1 provides further detail.
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Fig. B.4: 0528+134 (continued)
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Fig. B.5: Light curves; (b) optical spectral index; and, (c) SED of 0716+714. Epochs
are identified by color. Symbols identify the sources of the measurements. Horizontal
lines on the light curves indicate the 〈Fb〉 values (only approximate locations on
magnitude plots). Section B.1 provides further detail.
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Fig. B.5: 0716+714 (continued)
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Fig. B.6: 0735+178: (a) Light curves; (b) optical spectral index; and, (c) SED
of 0735+178. Epochs are identified by color. Symbols identify the sources of the
measurements. Horizontal lines on the light curves indicate the 〈Fb〉 values (only
approximate locations on magnitude plots). Section B.1 provides further detail.
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(c) In the computation of αox for Epoch 1, R-Band data were used.
Fig. B.6: 0735+178 (continued)
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Fig. B.7: 0827+243: (a) Light curves; (b) optical spectral index; and, (c) SED
of 0827+243. Epochs are identified by color. Symbols identify the sources of the
measurements. Horizontal lines on the light curves indicate the 〈Fb〉 values (only
approximate locations on magnitude plots). Section B.1 provides further detail.
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Fig. B.7: 0827+243 (continued)
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Fig. B.8: 0829+046: (a) Light curves; (b) optical spectral index; and, (c) SED
of 0829+046. Epochs are identified by color. Symbols identify the sources of the
measurements. Horizontal lines on the light curves indicate the 〈Fb〉 values (only
approximate locations on magnitude plots). Section B.1 provides further detail.
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Fig. B.8: 0829+046 (continued)
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Fig. B.9: 0836+710: (a) Light curves; (b) optical spectral index; and, (c) SED
of 0836+710. Epochs are identified by color. Symbols identify the sources of the
measurements. Horizontal lines on the light curves indicate the 〈Fb〉 values (only
approximate locations on magnitude plots). Section B.1 provides further detail.
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(c) In the computation of αox for Epoch 3, J-Band data were used.
Fig. B.9: 0836+710 (continued)
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Fig. B.10: 0954+658: (a) Light curves; (b) optical spectral index; and, (c) SED
of 0954+658. Epochs are identified by color. Symbols identify the sources of the
measurements. Horizontal lines on the light curves indicate the 〈Fb〉 values (only
approximate locations on magnitude plots). Section B.1 provides further detail.
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(4) 2011−4−16 RJD = 5667.83 o/x:    NaN; x/gamma:    NaN
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(c) In the computation of αox for Epoch 2, J-Band data were used.
Fig. B.10: 0954+658 (continued)
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Fig. B.11: 1055+018: (a) Light curves; (b) optical spectral index; and, (c) SED
of 1055+018. Epochs are identified by color. Symbols identify the sources of the
measurements. Horizontal lines on the light curves indicate the 〈Fb〉 values (only
approximate locations on magnitude plots). Section B.1 provides further detail.
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Fig. B.11: 1055+018 (continued)
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Fig. B.12: 1127-145: (a) Light curves; (b) optical spectral index; and, (c) SED
of 1127-145. Epochs are identified by color. Symbols identify the sources of the
measurements. Horizontal lines on the light curves indicate the 〈Fb〉 values (only
approximate locations on magnitude plots). Section B.1 provides further detail.
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(c) In the computation of αox for Epoch 2, J-Band data were used.
Fig. B.12: 1127-145 (continued)
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Fig. B.13: 1156+295: (a) Light curves; (b) optical spectral index; and, (c) SED
of 1156+295. Epochs are identified by color. Symbols identify the sources of the
measurements. Horizontal lines on the light curves indicate the 〈Fb〉 values (only
approximate locations on magnitude plots). Section B.1 provides further detail.
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(c) In the computation of αox for Epoch 3, UVW1-Band data were used.
Fig. B.13: 1156+295 (continued)
174
1219+285
JD-2450000
2008.37 2010.69 2013.00
   
0.5
8.3
16.1
23.9
F 
[10
-
8  
ph
ot
 
cm
-
2  
s-
1 ] | Fermi
   
0.3
6.0
11.7
17.5
F 
[10
-
12
e
rg
 
cm
-
2  
s-
1 ] | Swift Xray Flux
   
15.9
15.2
14.5
13.8
m
a
g
|
Swift -UVW2
  -UVM2
  -UVW1
   
15.7
15.1
14.5
13.9
m
a
g
|
U
   
16.4
15.9
15.3
14.8
m
a
g
|
B
   
16.2
15.5
14.9
14.2
m
a
g
|
V
   
15.6
15.0
14.4
13.8
m
a
g
|
R
   
15.0
14.5
14.0
13.5
m
a
g
|
I
   
13.5
13.2
12.9
12.5
m
a
g
|
J
   
12.5
12.3
12.0
11.8
m
a
g
|
H
5000 5500 6000
11.8
11.6
11.4
11.1
m
a
g
|
K
(1) (2)(3) (4)
(a)
Fig. B.14: 1219+285: (a) Light curves; (b) optical spectral index; and, (c) SED
of 1219+285. Epochs are identified by color. Symbols identify the sources of the
measurements. Horizontal lines on the light curves indicate the 〈Fb〉 values (only
approximate locations on magnitude plots). Section B.1 provides further detail.
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Fig. B.14: 1219+285 (continued)
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Fig. B.15: 1222+216: (a) Light curves; (b) optical spectral index; and, (c) SED
of 1222+216. Epochs are identified by color. Symbols identify the sources of the
measurements. Horizontal lines on the light curves indicate the 〈Fb〉 values (only
approximate locations on magnitude plots). Section B.1 provides further detail.
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(c) In the computation of αox for Epoch 4, R-Band data were used.
Fig. B.15: 1222+216 (continued)
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Fig. B.16: 1308+326: (a) Light curves; (b) optical spectral index; and, (c) SED
of 1308+326. Epochs are identified by color. Symbols identify the sources of the
measurements. Horizontal lines on the light curves indicate the 〈Fb〉 values (only
approximate locations on magnitude plots). Section B.1 provides further detail.
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Fig. B.16: 1308+326 (continued)
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Fig. B.17: 1406-076: (a) Light curves; (b) optical spectral index; and, (c) SED
of 1406-076. Epochs are identified by color. Symbols identify the sources of the
measurements. Horizontal lines on the light curves indicate the 〈Fb〉 values (only
approximate locations on magnitude plots). Section B.1 provides further detail.
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(c)
Fig. B.17: 1406-076 (continued)
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Fig. B.18: 1510-089: (a) Light curves; (b) optical spectral index; and, (c) SED
of 1510-089. Epochs are identified by color. Symbols identify the sources of the
measurements. Horizontal lines on the light curves indicate the 〈Fb〉 values (only
approximate locations on magnitude plots). Section B.1 provides further detail.
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Fig. B.18: 1510-089 (continued)
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Fig. B.19: 1611+343: (a) Light curves; (b) optical spectral index; and, (c) SED
of 1611+343. Epochs are identified by color. Symbols identify the sources of the
measurements. Horizontal lines on the light curves indicate the 〈Fb〉 values (only
approximate locations on magnitude plots). Section B.1 provides further detail.
185
15.0 15.2 15.4 15.6
log ν[Hz] (rest frame)
−1.6
−1.4
−1.2
−1.0
−0.8
−0.6
−0.4
−0.2
lo
g(F
ν*
10
.0
(−2
6) ) 
[er
g c
m−
2  
s−
1 ]
 U  UVW1 B  UVW2 V  UVM2 R I  
1611+343
(2) 2011−9−27 RJD = 5832.00, α = −0.422 +/−  0.014, Std Dev of Data =   0.023
(1) 2010−2−25 RJD = 5252.51, α = −0.461 +/−  0.059, Std Dev of Data =   0.003
(b)
14 16 18 20 22 24
log ν[Hz] (rest frame)
−13.0
−12.5
−12.0
−11.5
−11.0
lo
g(ν
F ν
) [e
rg 
cm
−
2  
s−
1 ]
1611+343                   
(2) 2011−9−27 RJD = 5832.20 o/x:    NaN; x/gamma:    NaN
(1) 2010−2−25 RJD = 5252.72 o/x: −1.208; x/gamma: −0.920
(c)
Fig. B.19: 1611+343 (continued)
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Fig. B.20: 1622-297: (a) Light curves; (b) optical spectral index; and, (c) SED
of 1622-297. Epochs are identified by color. Symbols identify the sources of the
measurements. Horizontal lines on the light curves indicate the 〈Fb〉 values (only
approximate locations on magnitude plots). Section B.1 provides further detail.
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Fig. B.20: 1622-297 (continued)
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Fig. B.21: 1633+382: (a) Light curves; (b) optical spectral index; and, (c) SED
of 1633+382. Epochs are identified by color. Symbols identify the sources of the
measurements. Horizontal lines on the light curves indicate the 〈Fb〉 values (only
approximate locations on magnitude plots). Section B.1 provides further detail.
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Fig. B.21: 1633+382 (continued)
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Fig. B.22: 1730-130: (a) Light curves; (b) optical spectral index; and, (c) SED
of 1730-130. Epochs are identified by color. Symbols identify the sources of the
measurements. Horizontal lines on the light curves indicate the 〈Fb〉 values (only
approximate locations on magnitude plots). Section B.1 provides further detail.
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Fig. B.22: 1730-130 (continued)
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Fig. B.23: 1749+096: (a) Light curves; (b) optical spectral index; and, (c) SED
of 1749+096. Epochs are identified by color. Symbols identify the sources of the
measurements. Horizontal lines on the light curves indicate the 〈Fb〉 values (only
approximate locations on magnitude plots). Section B.1 provides further detail.
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(c) In the computation of αox for Epoch 4, R-Band data were used.
Fig. B.23: 1749+096 (continued)
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Fig. B.24: 3C66A: (a) Light curves; (b) optical spectral index; and, (c) SED of
3C66A. Epochs are identified by color. Symbols identify the sources of the measure-
ments. Horizontal lines on the light curves indicate the 〈Fb〉 values (only approximate
locations on magnitude plots). Section B.1 provides further detail.
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(2) 2012−9−15 RJD = 6185.91 o/x:    NaN; x/gamma:    NaN
(1) 2011−8−10 RJD = 5784.41 o/x: −1.503; x/gamma: −0.780
(c)
Fig. B.24: 3C66A (continued)
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Fig. B.25: 3C84: (a) Light curves; (b) optical spectral index; and, (c) SED of 3C84.
Epochs are identified by color. Symbols identify the sources of the measurements.
Horizontal lines on the light curves indicate the 〈Fb〉 values (only approximate loca-
tions on magnitude plots). Section B.1 provides further detail.
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(c)
Fig. B.25: 3C84 (continued)
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Fig. B.26: 3C111: (a) Light curves; (b) optical spectral index; and, (c) SED of
3C111. Epochs are identified by color. Symbols identify the sources of the measure-
ments. Horizontal lines on the light curves indicate the 〈Fb〉 values (only approximate
locations on magnitude plots). Section B.1 provides further detail.
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Fig. B.26: 3C111 (continued)
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Fig. B.27: 3C273: (a) Light curves; (b) optical spectral index; and, (c) SED of
3C273. Epochs are identified by color. Symbols identify the sources of the measure-
ments. Horizontal lines on the light curves indicate the 〈Fb〉 values (only approximate
locations on magnitude plots). Section B.1 provides further detail.
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Fig. B.27: 3C273 (continued)
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Fig. B.28: 3C279: (a) Light curves; (b) optical spectral index; and, (c) SED of
3C279. Epochs are identified by color. Symbols identify the sources of the measure-
ments. Horizontal lines on the light curves indicate the 〈Fb〉 values (only approximate
locations on magnitude plots). Section B.1 provides further detail.
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Fig. B.28: 3C279 (continued)
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Fig. B.29: 3C345: (a) Light curves; (b) optical spectral index; and, (c) SED of
3C345. Epochs are identified by color. Symbols identify the sources of the measure-
ments. Horizontal lines on the light curves indicate the 〈Fb〉 values (only approximate
locations on magnitude plots). Section B.1 provides further detail.
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(3) 2009−8−23 RJD = 5067.11 o/x: −1.090; x/gamma: −0.782
(2) 2012−4−19 RJD = 6036.93 o/x:    NaN; x/gamma:    NaN
(1) 2011−9−21 RJD = 5826.28 o/x:    NaN; x/gamma:    NaN
(c)
Fig. B.29: 3C345 (continued)
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Fig. B.30: 3C446: (a) Light curves; (b) optical spectral index; and, (c) SED of
3C446. Epochs are identified by color. Symbols identify the sources of the measure-
ments. Horizontal lines on the light curves indicate the 〈Fb〉 values (only approximate
locations on magnitude plots). Section B.1 provides further detail.
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Fig. B.30: 3C446 (continued)
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Fig. B.31: 3C454.3: (a) Light curves; (b) optical spectral index; and, (c) SED
of 3C454.3. Epochs are identified by color. Symbols identify the sources of the
measurements. Horizontal lines on the light curves indicate the 〈Fb〉 values (only
approximate locations on magnitude plots). Section B.1 provides further detail.
209
14.4 14.6 14.8 15.0 15.2 15.4
log ν[Hz] (rest frame)
−1.0
−0.5
0.0
0.5
1.0
1.5
2.0
lo
g(F
ν*
10
.0
(−2
6) ) 
[er
g c
m−
2  
s−
1 ]
 UVW1 U B  UVW2 V  UVM2 R   I K  J
3C454.3
(4) 2010−11−21 RJD = 5522.16, α = −1.633 +/−  0.002, Std Dev of Data =   0.002
(3) 2009−12−1 RJD = 5167.16, α = −1.380 +/−  0.001, Std Dev of Data =   0.122
(2) 2012−9−10 RJD = 6180.50, α = −1.039 +/−  0.009, Std Dev of Data =   0.051
(1) 2011−6−17 RJD = 5729.70, α = −0.913 +/−  0.006, Std Dev of Data =   0.131
(b)
14 16 18 20 22 24
log ν[Hz] (rest frame)
−13
−12
−11
−10
−9
−8
lo
g(ν
F ν
) [e
rg 
cm
−
2  
s−
1 ]
3C454.3                   
(4) 2010−11−21 RJD = 5522.28 o/x: −1.057; x/gamma: −0.630
(3) 2009−12−1 RJD = 5167.19 o/x: −0.972; x/gamma: −0.749
(2) 2012−9−10 RJD = 6180.58 o/x: −1.163; x/gamma: −0.842
(1) 2011−6−17 RJD = 5729.70 o/x: −1.151; x/gamma: −0.752
(c)
Fig. B.31: 3C454.3 (continued)
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Fig. B.32: BL Lacertae: (a) Light curves; (b) optical spectral index; and, (c) SED
of BL Lacertae. Epochs are identified by color. Symbols identify the sources of the
measurements. Horizontal lines on the light curves indicate the 〈Fb〉 values (only
approximate locations on magnitude plots). Section B.1 provides further detail.
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Fig. B.32: BL Lac (continued)
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Fig. B.33: CTA102: (a) Light curves; (b) optical spectral index; and, (c) SED
of CTA102. Epochs are identified by color. Symbols identify the sources of the
measurements. Horizontal lines on the light curves indicate the 〈Fb〉 values (only
approximate locations on magnitude plots). Section B.1 provides further detail.
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Fig. B.33: CTA102 (continued)
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Fig. B.34: Mkn421: (a) Light curves; (b) optical spectral index; and, (c) SED
of Mkn421. Epochs are identified by color. Symbols identify the sources of the
measurements. Horizontal lines on the light curves indicate the 〈Fb〉 values (only
approximate locations on magnitude plots). Section B.1 provides further detail.
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Fig. B.34: Mkn421 (continued)
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Fig. B.35: OJ287: (a) Light curves; (b) optical spectral index; and, (c) SED of
OJ287. Epochs are identified by color. Symbols identify the sources of the measure-
ments. Horizontal lines on the light curves indicate the 〈Fb〉 values (only approximate
locations on magnitude plots). Section B.1 provides further detail.
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(c)
Fig. B.35: OJ287 (continued)
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